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i— ( The A(1405) baryon resonance plays an outstanding role in various aspects in hadron and 

j> nuclear physics. It has been considered that the A(1405) resonance is generated by the attractive 

interaction of the antikaon and the nucleon as a quasi-bound state below its threshold decaying into 
the 7rS channel. Thus, the structure of A(1405) is closely related to the KN interaction which is the 
fundamental ingredient to study few-body systems with antikaon. In this paper, after reviewing the 
basic properties of the A(1405) resonance, we introduce the dynamical coupled-channel model which 
respects chiral symmetry of QCD and the unitarity of the scattering amplitude. We show that the 
structure of the A(1405) resonance is dominated by the meson-baryon molecular component and 
is described as a superposition of two independent states. The meson-baryon nature of A(1405) 
leads to various hadronic molecular states in few-body systems with strangeness which are hadron 
composite systems driven by the hadronic interactions. We summarize the recent progress in 
the investigation of the A(1405) structure and future perspective of the physics of the A(1405) 
resonance. 
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A Conventions 

1 Introduction 

The A(1405) resonance is a negative parity baryon resonance with spin 1/2, isospin 1 = and 



strangeness S = —1. The resonance is located slightly below the KN threshold and decays into the 7rS 
channel through the strong interaction. The existence of A(1405) was theoretically predicted in 1959 
by Dalitz and Tuan [1] [2], based on the analysis of the experimental data of the KN scattering length. 
It is shown that the unitarity in coupled-channel KN-irH system leads to a resonance pole in the 7rS 
amplitude. An experimental evidence of this resonance was reported as early as 1961 in the invariant 
mass spectrum of the 7rS channel in the K~p — > ttttttI] reaction at 1.15 GeV [3]. After a half century, 
A(1405) has been well established experimentally and is currently listed as a four-star resonance in the 
table of the Particle Data Group (PDG) [I]. In recent years, the structure of A(1405) has been found to 
be important in various aspects in the strangeness sector of nonperturbative QCD. At the same time, 



2 



the experimental information on A(1405) is being rapidly improved by new data, such as the 7rS mass 
spectra in several reactions and the precise measurement of the energy level of the kaonic hydrogen. 
Thus, it is an important and urgent issue to understand the nature of the A(1405) resonance. 

There is a long-standing discussion on the interpretation of the A(1405) resonance. It is known to 
be difficult to describe A(1405) as an ordinary three-quark state in simple constituent quark models [5], 
because A(1405) has a lighter mass than the nucleon counterpart, the A^(1535) resonance. Moreover, 
the mass difference from the A(1520) resonance with J p = 3/2~, which is supposed to be the spin-orbit 
partner of A(1405), is too large in comparison with the splitting in the nucleon sector. According to 
these difficulties of the simple three-quark picture, the meson-baryon quasi-bound picture of A(1405) 
attracts much attention. In fact, the A (1405) resonance can be naturally described as a quasi-bound KN 
state embedded in the 7rS continuum in coupled-channel meson-baryon scattering models, for instance, 
by the phenomenological vector-meson exchange potential with flavor SU(3) symmetry [6]. Strictly 
speaking, the meson-baryon picture of A (1405) bears a complementary relationship to the three-quark 
picture. In reality, the physical A (1405) resonance should be a mixture of both (and with even more 
exotic structures), since all possible components with the same quantum number can mix with each 
other through the strong interaction. It is however meaningful to ask the dominant component in 
A(1405), for the understanding of its physical origin and the implication to the KN dynamics. 

In this paper, we discuss the nature of the A(1405) resonance based on the coupled-channel frame- 
work with chiral symmetry (chiral unitary approach) which combines the low energy interaction gov- 
erned by chiral symmetry and the unitarity condition for the coupled-channel scattering amplitude [7J 
EJ El [in] • This model successfully reproduces the observables in meson-baryon scattering and resonances 
are dynamically generated in the non-perturbative resummation of the interaction, along the same line 
with the phenomenological coupled-channel model [6] . Not only the successful description of data, chiral 
unitary approach serves as a useful tool to investigate the structure of the resonances. The intensive 
studies of the A(1405) resonance reveal the peculiar pole structure in the complex energy plane jllj . 
the meson-baryon nature of the resonance [12], the quark structure of the resonance [T3"l [T4] . and the 
spatial size of the resonance state [151 f!6] - 

In addition, chiral unitary approach provides a unique baseline for various applications in low energy 
QCD. Turning to the strangeness nuclear physics, one of the central issues is the study of the possible 
bound state of the antikaon in nuclei, the K nuclei. Based on the KN quasi-bound picture for A(1405), 
the K nuclei was suggested to exhibit various interesting phenomena [T71 HB]. The interaction of the 
antikaon and the nucleon is a basic building block of the study of such multi-hadron systems with 
antikaons. Traditionally, the K nuclei has been studied by phenomenological approaches, where the 
connection with the underlying theory of QCD is not very much clear. At this point it is instructive to 
recall that the antikaon can be regarded as a flavor partner of the pion, which is the Nambu-Goldstone 
(NG) boson associated with the spontaneous breakdown of chiral SU(3)# x SU (3) i symmetry in QCD. 
Chiral unitary approach can shed light on this aspect of the KN interaction [19], treating the non- 
perturbative dynamics of the strong attraction in the KN channel and its consequence for A(1405). 
Such an approach is indispensable to discuss, for instance, the effect of the partial restoration of chiral 
symmetry on the dynamics of the K in nuclear medium. 

The A (1405) resonance in the meson-baryon picture can be a good candidate of the hadronic molec- 
ular state, in which the hadrons are loosely bound by the inter-hadron interaction [20]. This is because 
the antikaon is moderately heavy, and strongly interacts with the nucleon. The binding energy of 
A(1405), when regarded as a KN bound state, is much smaller than the mass scale of the hadrons, so 
the antikaon and the nucleon will behave as constituents by keeping their identities in A(1405). Com- 
pared with the quark excitation inside hadrons, the hadronic molecular structure is expected to have 
a larger spatial size. Physics of the hadronic molecular state is also related to the exotic hadrons and 
multi-quark states recently observed in heavy quark sector [2U 122] - 

This paper is organized as follows. In the next section, we overview the current status of experimental 
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investigations and theoretical studies of A(1405). Section [3] introduces the chiral unitary approach in 
detail from the basic framework. Several recent findings on the nature of the structure of A (1405) in 
chiral unitary approach are summarized in Section |4j We then discuss the properties of A (1405) in 
various environments in Section [5] where hadronic molecular states emerge in the few-body systems. 
The last section is devoted to conclusion of this paper and the future perspective on the studies of 
A(1405). 

2 The A(1405) resonance 

Here we first go through the experimental investigations of the 7rE spectrum where the resonance peak of 
A(1405) is observed. The information on the low energy K~p scattering data is also presented. We then 
summarize typical theoretical studies on A(1405) in the three-quark picture and in the meson-baryon 
picture. 

2.1 Mass spectrum of the 7r£ channel in bubble chamber experiments 

The A (1405) resonance exclusively decays into the 7rE(J = 0) channel via strong interaction. Since 
it is very hard to perform the scattering experiment in the 7rE channel directly, the properties of 
the resonance have been extracted by analyzing the invariant mass distribution of the 7rS final state in 
production experiments. Initiated by Ref . [3] , several bubble chamber experiments with hadron induced 
reactions found the evidence for A(1405) in the energy region 1382-1410 MeV (a list of early references 
can be found in PDG jl]). Among others, it is worth mentioning that Braun et al. studied the 7r + S~ 
spectrum in K~d — > 7r + S~n reaction (23] where the resonance energy was found at 1420 MeV. The 
7r ± E =F spectrum in the pion induced reaction (ti~p — > K+ttY,) at 1.69 GeV was investigated in Ref. [24J. 
In this reaction, the mass of the resonance was found to be consistent with 1405 MeV. 

The highest-statistics spectrum in bubble chamber experiments is given in Ref. [25] through the 
K~p — > 7r~7r + (7r£) reaction at 4.2 GeV in which the 7r + (7rE) final state forms the S + (1660) resonance 
with the sequential decays of £+(1660) ->• tt+A(1405) and A(1405) ->• vrS. To enhance the £(1660) 
production, events with low momentum transfer t'(p — > 7T7rS) < 1.0 GeV were selected, with the 
additional constraint on the invariant mass of the 7T7tS system to be 1.60 < M(7T7tE) < 1.72 GeV. Two 
different modes were analyzed: (1) K~p — > 7r~7r + (7r~£ + ) and (2) K~p — > 7r~7r + (7r + £~) where the 7rS 
pairs in parenthesis were combined to form A(1405). The 7r~£ + spectrum in the process (1) shows a 
clear peak structure of A(1405) together with a small amount of A(1520). The 7r + £~ spectrum in the 
mode (2) was also shown in that paper [25]. This spectrum is, however, largely contaminated by the 
nonresonant background contribution, presumably because of the final state interaction between the 
£~ and the primary ir + in the S(1660) decay. 

Thus, the cleaner 7r _ S + spectrum is frequently shown as a representative of the A(1405) spectrum 
and used for the input of theoretical models. In fact, Dalitz and Deloff analyzed this 7r~£ + spectrum to 
extract the mass and width of A(1405) using several fitting schemes [261 • This work is the only source 
of the "central values" of the mass M and the width T shown in the current PDG [I]: 

M = 1406.5 ± 4.0 MeV, T = 50 ± 2 MeV. 

It should be nevertheless emphasized that a single charged state of the 7rS channel may not be dominated 
by the 1 = resonant component in view of the strong isospin interference as reported in recent 
photoproduction experiments discussed below. In addition, since the energy of the nnT, system is 
restricted in the range 1.60 < M(7T7t£) < 1.72 GeV, the higher tail of the 7r~E + spectrum is influenced 
by the phase space suppression. This effect should be taken into account when the spectral function of 
the theoretical model is compared with the experimental mass distribution in Ref. [25J. 
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2.2 Mass spectrum of the 7rE channel in recent experiments 

On top of these classical results, many new 7r£ spectra in recent experiments are becoming available. The 
first photoproduction experiment was performed by LEPS collaboration at SPring-8 using 7^ — > K + 7iH 
reaction with the photon energy 1.5 to 2.4 GeV [27]. By excluding the K* production in the K + ir pair, 
the charged 7r£ invariant mass spectrum was reconstructed, showing a clear peak structure of A(1405). 
A remarkable fact is that the "lineshape" of the A(1405) resonance is different in 7r~£ + and 7r + £~ 
channels, as predicted by the chiral unitary model in Ref. J2S]. Neglecting the small 1 = 2 component, 
the 7rS spectra can be decomposed as 

oc \\T^ + \\T^ + A Re (T (0) r (x> )) (1) 

oc i|T(°)| 2 + \\T^ - A Re (T (o) T (i> )j (2) 



da(7T°E ) 1 



dMj 3 



T (0)|2 ; (3) 



where represents the 7r£ amplitude with isospin / and Mj stands for the invariant mass of the 
7rS pair. It is obvious that the isospin interference term Re (T^T^*) makes the difference of the 
charged 7r ± S =F spectra]]] If the resonant 1 = amplitude were much larger than the other isospin 
components, all the 7r£ spectra would be identical in the resonance energy region. This is not the case. 
LEPS collaboration further studied the same reaction in Ref. [29] where the total cross section of the 
A(1405) photoproduction was measured for the first time. The production ratios of A(1405) to £(1385) 
were obtained at two regions of the photon energies. At lower energy (1.5 < < 2.0 GeV), A(1405) 
is produced about one half of £(1385), while at higher energy (2.0 < E 1 < 2.4 GeV), the A(1405) 
production is much suppressed. The absolute value of the differential cross section da / d(cos 9) was 
obtained as 0.43 /xb (0.072 fjh) for the photon energy 1.5 < £ 7 < 2.0 GeV (2.0 < £ 7 < 2.4 GeV). The 
difference in the charged 7r£ spectra was again observed, while the shape of the peak was not consistent 
with the previous measurement [27], presumably because of the different kinematical region of the final 
state pion. Detailed theoretical analysis for the angular dependence of the ^p — > K + ir'E reaction will 
make the situation clear. 

The neutral 7r°£° spectrum is observed by Crystal Ball Collaboration in the K~p — > 7r°7r £° reaction 
at px- = 514-750 MeV [30]. As seen in Eq. (|3]), the 7r°£° spectrum is free from the £(1385) resonance 
with 1 = 1 and the isospin interference term, so it is an ideal channel to study the A (1405) spectrum. 
Although it was not explicitly mentioned in Ref. [30J , the peak of the spectrum in the K ~p — > 7r°7r°£ 
reaction locates at 1420 MeV [31]. The pp collision experiment was studied at COSY-Jiilich in the 
reaction pp — > pK + 7r°'E with 3.65 GeV proton beam [32]. The 7r°£° spectrum was constructed from 
the missing mass of pK + by selecting the events with a A in the final state and the constraint on the 
missing mass MM(pK + A) > 190 MeV (charged ^ baryons do not decay into the final states with A). 
The peak position of A(1405) was found at 1405 MeV. The total cross section of the pp — > pK + A(1405) 
reaction was obtained as 4.5 fjh. 

There are also preliminary reports on some ongoing experiments. The result of the photoproduction 
7P — > K + (ttY,) by CLAS collaboration at Jefferson Laboratory was reported in Ref. [33J where all three 
7r£ charge states were measured in a single experiment for the first time. The differential cross section 
da/dt was also studied. It is remarkable that the interference pattern of the 7r£ spectra by CLAS is 
different from that in the first data by LEPS [27] ; the peak of the 7r + £~ channel is higher (lower) 

1 The difference of the A(1405) lineshapes in 7r + £~ and 7r~I] + spectra primarily comes from the isospin interference 
effect. In a specific experiment, one should also take into account the final state interaction with the unpaired particles 



as in Ref. [25] • It is not directly related to the two-pole structure discussed in Section 4.2 
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than the peak of the 7r~S + spectrum in LEPS (CLAS) data. Since the theoretical prediction [2S] 
reproduces the LEPS data [27], it contradicts with the CLAS new data. We should however note 
that the angular dependence of the detector acceptance is different from LEPS to CLAS, and the 
theoretical prediction integrates the angles of the final states. The p-wave meson-baryon amplitude 
then contributes differently, which may cause the difference of the spectra. To consistently understand 
all the photoproduction results [27J [291 G2] i more refined reaction model should be constructed. The 
measurement of the 7rE spectrum in the pp collision at 3.5 GeV was studied by HADES collaboration at 
GSI [34]. The finalized results from these experiments, together with the planned experiments by E31 
at J-PARC [35] and IKON/KLOE at DA$NE [36] will further shed light on the structure of A(1405). 



2.3 Low energy K p scattering data 

Since A(1405) is located just below the KN threshold, the low energy K~p scattering data is closely 
related to the properties of A(1405). The total cross sections of the K~p scattering into various meson- 
baryon channels measured in bubble chamber experiments were shown, for instance, in Refs. [3"71 13"%] 
139^ 14m I4T] 142] 1431 [44J [45] ■ These data can be used to constrain the global behavior of the meson-baryon 
amplitude above the K~p threshold, while some of the data points contradict with each other and the 
cross sections into the neutral final states (7r°£°, ir°A) are relatively poor. The planned new experiment 
of the low energy K~p scattering at DA$NE [36] will improve the precision of the total cross section 
data. 

An important quantitative constraint can be given by the threshold branching ratios. They were 
accurately determined from the K~ capture by hydrogen as [461 147] 

T(K-p^ 7T+S-) 
7 = v (u- -v+ = 2 ' 36 ± °- 04 ' 

1 (A p — > 7T h + ) 

T(K~p — > charged particles) , , 

R c = 1 p g- g. >- = 0.664 ± 0.011, 4 

r(A p — > all) 

T(K-p tt°A) 

R n =^777 : — - — = 0.189 ± 0.015, 

T(K~p — > neutral particles) 

at the K~p threshold. The ratio 7 indicates that the double-charge exchange process K~p — > 7r + S _ is 
larger than the ordinary process K~p — > 7r~£ + . 

The KN scattering lengths a^\l = 0, 1) are also important threshold quantities. The extrapolation 
of the low energy KN scattering, with the dispersion relations and M-matrix method, leads to the 
scattering lengths = -1.70 + i0.65 fm and = 0.37 + z0.60 fm [48p 

The K~p scattering length, which is the combination a K - p = (a^ +aP^)/2 in the isospin limit, can 
be extracted from the measurement of the mass shift by strong interaction AE and the width T of the 
Is level of the kaonic hydrogen. In general, the scattering length due to the strong interaction is related 
to the energy level of the mesic atom via Deser-Trueman formula [49l 150] . Systematic improvement of 
the formula has been achieved by the effective non-relativistic field theory for the kaonic hydrogen [51] 
and for the kaonic deuterium [52]. There, the isospin breaking correction turns out to be important. 

The old experiments of the kaonic hydrogen found attractive energy shifts, which were in contradic- 
tion with the analysis of the low energy KN scattering [48] . The situation became clear by the precise 
measurement of the kaonic X ray at KEK, which leads to the repulsive shift AE = —323 ± 63 ± 11 
eV and the width T = 407 ± 208 ± 100 eV [53]. This result agrees with the negative scattering 
length and the long-standing puzzle has been solved. However, the quantitative determination is not 
settled yet, because new data from the DEAR collaboration at DA$NE [54] deviates from the KEK 

2 In this paper, we adopt the convention where the positive (negative) scattering length corresponds to the attractive 
(repulsive) interaction. See also Appendix. 
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result. In DEAR experiment, the shift and width were obtained as AE = —193 ± 37 ± 6 eV and 
T = 249 ± 111 ± 30 eV. To resolve the discrepancy and further reduce the uncertainties, SIDDHARTA 
collaboration has performed the newest measurement of the kaonic hydrogen X rays at DA$NE |55j. 
They found AE = —283 ± 36 ± 6 eV and T = 541 ± 89 ± 22 eV. The results have the smallest error 
bars and are closer to the KEK measurement, rather than DEAR. The precise determination of the 
K~p scattering length through the measurement of the kaonic hydrogen is an important input for the 
models of the S = — 1 meson-baryon scattering. 



2.4 Theoretical studies 

There are plenty of theoretical studies on A(1405), for which we cannot complete the list of references. 
Here we pick up typical works in quark-model picture and meson-baryon picture, and summarize the 
status of lattice QCD simulation. 

As mentioned in the introduction, the simple quark model picture (5j |56] has some difficulties to 
reproduce A(1405). To describe negative parity baryons by three quarks, one of the quarks has to be 
excited to the I = 1 orbit. This excitation energy is usually normalized in the nucleon sector, where 
one of the lowest negative parity baryons is iV(1535). Thus, the excitation is roughly 600 MeV, which 
indicates the negative parity A* around 1700 MeV. In fact, in a simple three-quark picture, A(1405) 
would be heavier than the iV(1535) since it contains one strange quark. Moreover, for an I = 1 state, the 
spin-orbit partner should appear in the J p = 3/2~ channel. In the nucleon sector, the lowest J p = 3/2~ 
state is the A(1520) resonance which almost degenerates with iV(1535), while A(1405) and A(1520) are 
split more than 100 MeV. However, it is fair to mention that the mass of A(1405) can be reconciled in 
the three-quark picture, with the help of certain specific mass splitting operators such as those in the 
S3 permutation symmetry [57] and those in the 1/N C expansions [58^} In addition, five-quark picture 
can reproduce the low mass of A(1405) [60l EI] because the negative parity state can be expressed by 
putting four quarks and one antiquark in the I = orbit. The five-quark picture, however, predicts 
more excited baryons in addition to those observed in experiments. 

The meson-baryon picture has been studied in the vector-meson exchange models [21 E]- More 
quantitative discussion was made in the meson-exchange potential models as in Refs. [621 163]. In these 
studies, A(1405) can be dynamically generated from the meson-baryon interactions, without introducing 
the bare field. It is also worth mentioning that A (1405) can be described by the kaon bound state 
approach in the Skyrme model [HI]. In this approach, strange baryons are described as bound states 
of a kaon in the background field of the two-flavor Skyrmion. From the quantitative point of view, 
the binding energy is generally overestimated with typical parameters of the Skyrme model, while the 
splitting with A(1520) is rather reasonable. Electromagnetic structures of A(1405) in this approach 
were studied in Ref. [65]. More quantitative studies have been performed using the three-flavor cloudy 
bag model EH EH] which is an extension of the quark bag model to incorporate the meson cloud. 
The model contains both the bare A (1405) state and the meson-baryon state whose interactions are 
constrained by chiral symmetry, and the dominance of the meson-baryon component was pointed out. 
One of the interesting consequences of the cloudy bag model lies in the pole structure in the complex 
energy plane. In Ref. [69] . the meson-baryon scattering amplitude was analyzed in the complex energy 
plane using several potential models and the cloudy bag model of Ref. [67J. By fitting the scattering 
data, the potential models generate one pole for A(1405), while in the cloudy bag model, two poles 
were found in the energy region of A(1405)|^] This is the first mentioning of the double-pole structure 



of A(1405) in literature, which will be discussed in detail in Section 4.2 



In a recent study of the 1/N C expansion for the negative parity baryons, however, it is found that the mass of the 
A(1405) cannot be reproduced [59 when the exact wavefunction is adopted instead of the truncated wavefunction used 
in Ref. [55]. 

4 Each pole of the scattering amplitude corresponds to one resonance state, as we will discuss in Section 3.6 
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Lattice QCD is the most promising approach to the nonperturbative regime of strong interaction. 
In lattice QCD, the mass of a hadron is usually extracted from the two-point correlation function using 
some operator which creates and annihilates the hadron state of interest. The lattice investigation of 
A(1405), together with negative parity excited baryons, was started by quenched simulations with three- 
quark operators [70j EH [721 • It was found that the simple three-quark picture did not reproduce 
the mass of A (1405) and some multiquark and/or meson-baryon components would be necessary. In 
response to these results, the simulation with five-quark operators [74] was performed, while the lowest 
energy state was found in heavier region than A(1405). The full QCD simulation with three-quark 
operator was done in Ref. [75j, including the mixing of the flavor singlet and octet states. In this case, 
again, the low mass of 1405 MeV was not reproduced. Thus, at present, the description of A (1405) 
is a difficult but challenging issue in lattice QCD. One should also note that A(1405) is a resonance 
at physical point, although it is a bound state below the threshold in the heavy pion mass region. 
The recent development of lattice QCD enables one to describe excited hadrons as resonances in the 
hadron-hadron scattering [76J. Such an approach may be more appropriate to describe the A(1405) 
resonance in the KN-irH scattering system, rather than the extraction from the two-point correlation 
functions. 



3 Chiral unitary approach 



The chiral unitary approach is a powerful theoretical tool to describe the hadron scattering amplitude 
including resonances. This approach is based on two guiding principles; chiral symmetry for low energy 
hadron dynamics, and general properties of the scattering amplitude such as unitarity and analyticity. 
The A(1405) resonance in the S = —1 meson-baryon scattering is well described in this approach. In 
this section, we formulate the chiral unitary approach for meson-baryon scattering. 

After a brief overview of the framework, we construct effective Lagrangian of chiral perturbation 
theory for the meson-baryon system, starting from the chiral symmetry of QCD in Section 3J2 The 
low energy meson-baryon interaction is derived in Section 3.3 up to 0(p 2 ) order in chiral perturbation 
theory. The nonperturbative unitarized amplitude is derived in two different ways. One is to use the 



scattering equation with the on-shell factorization method (Section 3.4), and the other is based on the 



N/D method in scattering theory (Section |3.5). We show that both the methods lead to the same 



scattering amplitude. In Section |3.6 we discuss how the resonances are described in the scattering 
amplitude. The origin of resonances is investigated from the viewpoint of renormalization schemes. 



3.1 Overview of chiral unitary approach 

The low energy QCD exhibits rich spectra and complicated dynamics of hadrons due to color confine- 
ment and chiral symmetry breaking. The spontaneous chiral symmetry breaking causes the appearance 
of the Nambu-Goldstone (NG) bosons as the light pseudoscalar mesons and the dynamical mass gen- 
eration of hadrons (77J [78]. In addition to these static properties, the dynamics of the NG bosons is 
constrained by chiral symmetry through the low energy theorems. For instance, the scattering length 
of the NG boson with a target hadron is determined up to its sign and strength through the Weinberg- 
Tomozawa theorem [791 ED], which works quite well for the and irN channels. The dynamics of 
hadrons and NG bosons are concisely summarized in chiral perturbation theory with the systematic 
power counting scheme [8TI [82] , in which the low energy theorems are correctly encoded as the leading 
order result of the perturbative expansion. Thus, chiral perturbation theory describes the low energy 
limit of the meson-baryon scattering amplitude. 

On the other hand, physical scattering amplitude should satisfy the unitarity condition of the S- 
matrix which follows from the probability conservation during the time evolution of the system. Al- 
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though a solution of the nonperturbative scattering equation satisfies the unitarity condition, pertur- 
bative calculation of the amplitude can spoil the unitarity. For instance, since the amplitude in chiral 
perturbation theory is expanded in powers of the energy of the NG boson, as we go to higher energy, the 
amplitude monotonically increases and eventually violates the unitarity bound at certain kinematical 
scale. This does not cause a serious problem for the description of the low energy behavior of the 
amplitude, but resonances cannot be treated in perturbative calculation unless they are introduced as 
explicit degrees of freedom. Thus, the naive extrapolation of the amplitude to the higher energy region 
is not justified. The importance of the unitarity and nonperturbative dynamics has been pointed out 
for the KN-irH system [1] where the inter-hadron interaction is considered to be strong. In order to 
extend the low energy chiral interaction to the resonance energy region, it is mandatory to combine the 
interaction with some kinds of unitarization technique. 

In this way, chiral symmetry for the low energy NG boson dynamics and the unitarity of the scat- 
tering amplitude are important guiding principles to construct hadron scattering amplitude. Attempts 
to combine the unitarity condition with chiral perturbation theory have been started using the inverse 
amplitude method in meson scattering sector [83, 84, 85J, and using the Lippmann-Schwinger equation 
in baryon sector [7J [8] . The recent development of the analysis of baryon resonances owes much to the 
framework based on the N/D method [5]. It has been shown that the chiral unitary approach reproduces 
hadron scattering amplitude successfully. Thanks to the universality of the chiral interaction for the 
NG boson dynamics, the approach has been applied to various hadron scatterings with the NG bosons 



as shown in Section |4.7[ In this section we illustrate the theoretical framework of the chiral unitary 
approach for s-wave meson-baryon scattering amplitude in detail. See also the review article of the 
chiral unitary approach 



3.2 Chiral symmetry in QCD and chiral perturbation theory 

The strong interaction is governed by quantum chromodynamics (QCD) which is a color SU(3) gauge 
theory of quarks as fundamental fields and gluons as gauge fields. The three-flavor {u, d and s) massless 
QCD Lagrangian is given by 

£°qcd = -^tr[G MI ,GH + frfDrf, (5) 
= dpAp - d u A^ - ig[A„ A u ], D^ = d^- igA^ A^ = ^ T a A a ^ 

a 

where q is the quark field, A^(a = 1 ~ 8) are the gluon fields, T a = X a /2 are the generators of the 
color SU(3) group with Gell-Mann matrices A a , and g is the gauge coupling constant. The quark field is 
represented as a three-component column vector in color space, with three components in flavor space. 

To appreciate chiral symmetry in the QCD Lagrangian ^ it is useful to define the left- and right- 
handed quarks as 

qi = PLq, qn = Pnq, 

with projection operators Pl,r = (1 =F 7s)/2. In terms of the left- and right-handed quarks, the 
Lagrangian ^ can be expressed as 

£°QCD = -\tr[G, u G" u } + q L i-fD^q L + q R iYD,q R . 

Here qi and q R are separated from each other, and the Lagrangian is invariant under independent 
unitary transformations of left- and right-handed quark fields. Hence the theory has a global symmetry 
U(3)# x U(3)i. Among this symmetry, 11(1)^ is broken by axial anomaly by quantum correction 
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while U(l)y trivially holds as the quark number conservation in strong interaction. Removing these 
U(l) subgroups, we are left with SU(3)# x SU(3)i symmetry, that we refer to as chiral symmetry of 
QCD. An element of chiral symmetry group g = (R,L) e SU(3)ij x SU (3) l transforms the quark fields 

as 

q L ^Lq L , L = e l6 i Ta ESU(3) L 

q R ->Rq R , R = e^ Ta eSU(3) R [a ~ h 

where 9 a L R are real transformation parameters. 

The quark condensate is the vacuum expectation value of the qq operator. This is not invariant 
under chiral symmetry, since it mixes the left- and right-handed quarks: 



( \qq\ ) = ( \q R q L + q L q R \ ). 



On the other hand, it is invariant under the vector subgroup SU(3)y = {{e %9 v Ta , e t9 v Ta )} which rotates 
the left- and right-handed fields simultaneously in the same direction. In this way, a finite quark 
condensate leads to the breakdown of SU(3)# x SU(3) l symmetry to the subgroup SU(3)y . This is called 
spontaneous breaking of chiral symmetry, where the vacuum expectation value breaks the symmetry of 
the Lagrangian. When the symmetry is spontaneously broken, Nambu-Goldstone theorem [881 EHl ED] 
ensures that the spectrum of physical particles must contain one bosonic massless particle for each 
broken symmetry. These bosons are called the Nambu-Goldstone (NG) bosons. In the case of QCD 
with three flavors, the lightest pseudoscalar mesons (n, K and 77) are regarded as the (approximate) 
NG bosons. 

Because quarks have small but nonzero masses, chiral symmetry is also broken explicitly. The quark 
mass term can be introduced as a diagonal matrix in flavor space: 

'm u 

£qcd = £q CD - qmq, m = | m d 

m s 

The masses of the u and d quarks are as light as several MeV, while the mass of the s quark is about 
150 MeV. Although the strange quark is marginal, we consider three-flavor chiral symmetry is a good 
starting point for the analysis of hadrons. The explicit chiral symmetry breaking generates small masses 
of the NG bosons, and flavor symmetry breaking induces the mass difference among hadrons belonging 
to the same representation. These effects will be incorporated in the chiral Lagrangian as perturbative 
corrections. 

Although the fundamental theory is of simple form, at low energy, the nonperturbative effect of 
the strong interaction causes color confinement where hadrons take the place of the asymptotic degrees 
of freedom instead of quarks and gluons. Our strategy is to construct an effective field theory with 
hadronic degrees of freedom, respecting the symmetries of the underlying theory. Conceptually, the 
chiral Lagrangian C cS with effective degrees of freedom U is related with the QCD Lagrangian as 

exp{iZ} = J VqVqDA^exp |i J c? 4 x£qcd| = j T>U exp |i J <i 4 x£ c ff| , 

so that both £qcd and £ e ff describe the same partition function Z. Notice, however, that this procedure 
is only schematic; we follow the "theorem" introduced by Weinberg [81J to construct the effective 
Lagrangian with symmetries being guiding principles. In the effective Lagrangian £ e g, the dynamics 
of the original fields in the underlying theory is included in the low energy constants that are not 
determined by the symmetries. 
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Among several variants of effective field theories, chiral perturbation theory is the most useful 
approach by virtue of the systematic power counting rule [EH E21 EH 1221 E3] (see also review ar- 
ticles (OH [95j [96]). It is based on the nonlinear realization of chiral symmetry [971 EH1 [99], which 
provides a representation for a system with a global symmetry G — in the present case, chiral symme- 
try SU(3)# x SU(3)l — which breaks spontaneously down to a subgroup H C G — in the present case, 
SU(3)y. Thus, the spontaneous symmetry breaking of the system is already incorporated at the La- 
grangian level. The lowest elementary excitations in QCD are the octet pseudoscalar mesons which are 
the NG bosons of chiral symmetry breaking. In chiral perturbation theory, the NG boson fields are 
collected in the matrix form as 



V2" 1 Ve 
K~ 



71 

V2 71 ^ V6 > 

K° 



K + \ 
K° 



and the chiral fields U and u are defined by 



U ($) = exp 



./ 



= exp 



[/($) =m 2 ($), 



where / is a normalization constant of the NG boson field and corresponds to the meson decay con- 
stant in the chiral limit at tree level. The transformation lows of these fields under g = (R, L) G 
SU(3)ij x SU(3)l are given by 



u 4 rulK u j 4 lu^rK u 4 Rutf 



huL\ u ] 4 LuW = hvtR* 



where h(g,u) G SU(3)y is determined according to the group element g and the NG boson field $. 
We further introduce external fields in QCD Lagrangian (|5| as 

£qcd =£qcd + QLj%qL + <te7%?fl - q(s - ij 5 p)q, (6) 

where / M ,r M ,s and p are left-handed vector, right-handed vector, scalar and pseudoscalar fields, respec- 
tively. The quark mass term can be introduced as the scalar field: 



m,. 



m 



m d 



(7) 



m.. 



while the and r M fields can be used to introduce the electromagnetic and weak currents. In the 
effective field theory, it is convenient to define x field as 

X=2B {s + ip), X j = 2B (s-*P), 

with a real constant B . The extended Lagrangian ^ is invariant under local SU(3)# x SU(3)x , if the 
external fields obey the following transformation rules: 



X 4 L X ] R\ l„ 4 Ll^ + iLd^L\ r M 4 Rr^ + iRd^ . 



X 4 R, X I7, M 

Since it is a local transformation, derivatives of the field U(<&) should be given by covariant derivatives 
d„U - ir^U + iUl„, V^U 4 RV^ULl 



Note that the specific choice of the scalar field ([7]) does not follow the transformation law ^ and hence 
breaks chiral symmetry explicitly. We construct the chiral invariant effective Lagrangian with the x 
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field, and then introduce the mass term so that the effective Lagrangian breaks chiral symmetry as in 
the same way with the underlying QCD does. 

With these preliminaries, let us construct the effective field theory by organizing the most general 
Lagrangians which are invariant under chiral transformation. We introduce chiral counting rule by 
considering the momentum of the meson p M as a small quantity in comparison with the chiral symmetry 
breaking scale of 4nf ~ 1 GeV. Defining U as a quantity of order 0(1), we count terms with n derivatives 
of the U field as 0(p n ). The chiral counting for the external fields is then determined as 

U,u:0(l), V^U, Z M , r„,:0(p), X-0( P 2 ). 

The terms of the effective Lagrangian for the NG bosons are sorted out in powers of the chiral orders: 

oo , 2 

C eS (U) = £¥n(U) = J -Tr(V^WU + lfl X + X ] U) +..., 

n=l 

where C^ n represents the terms of 0(p 2n ). To analyze the low energy dynamics of the NG bosons, the 
terms with lower powers are relevant. The factor f 2 /4 of the leading order term has been chosen for the 
normalization of the kinetic term. The higher order terms are constructed so that they are invariant 
under chiral transformation, with coefficients (low energy constants) which can not be determined by the 
symmetry argument. Although the chiral Lagrangian contains derivative couplings, renormalizability is 
ensured order by order, by virtue of the chiral counting rule for the amplitude. Namely, the divergences 
of the loop diagram can be systematically tamed by the counter terms at a given order. 

Now we turn to the baryons which are introduced as matter fields in the nonlinear realization [98j E2] • 
The octet baryon fields are collected as 

P \ 

n 

which transforms under g 6 SU(3)# x SU(3)£as 
B 4 hBh\ B 4 hBh\ 

with h(g,u) G SU(3)y. For baryons, the mass term MqTy(BB) is allowed even in the chiral limit. The 
mass term brings the additional scale Mq in the theory, which causes problems in the counting rule 
of Lagrangian and eventually in the systematic renormalization program. An elegant method to avoid 
this difficulty is the heavy baryon chiral perturbation theory |1U0] , where the baryon fields are treated 
as heavy static fermions by taking the limit Mo — > oo. Here we follow Refs. |10TJ I102[ I103j to construct 
the relativistic chiral Lagrangian with keeping the common mass of the octet baryons Mq finite]^] We 
define the following quantities 

X+ = ux ] u + u ] xu\ x- = ux ] u - u ] xu\ 

T M = -{^(df, - ir^)u + u(d^ - il^u 1 }. 

5 In this paper we utilize chiral perturbation theory for the meson-baryon scattering amplitude up to 0(p 2 ) where no 
loop diagram appears. At 0(p 3 ), an appropriate renormalization procedure in the relativistic scheme [1041 1105] must be 
introduced. 



B 



7t^ 



+ 



^0 
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The latter two quantities are related to the vector (V^) and axial vector currents as = 

and = —iT^. These quantities are transformed as O 4 hOh\ except for the chiral connection T^, 

which transforms as 

The covariant derivatives for the octet baryon fields can be defined as 

D lt B = d lt B + \T^,B]. 
The power counting rule for baryon fields is given by 

B, B : Oil), u M , T M , (ip - M )B : 0(p), X ± ■ 0(p 2 ). 

With these counting rules, we can construct the most general effective Lagrangian for meson-baryon 
system as 

oo 

C eS (B,U)^J2^ n (U) + C^ B (B,U)], 

n=l 

where C^ IB (B, U) consists of bilinears of B field with the chiral order 0{p n ). In the lowest order 0{p), 
we have 

£f B = Tr - M )B + ^{B^ l5 {u^ B}) + ^(Bj^u,, , (9) 

where D and F are low energy constants related to the axial charge of the nucleon qa = D + F, and 
Mq denotes the common mass of the octet baryons. Among many terms of the next-to-leading order 
Lagrangian |101[ I102[ 1103] , the relevant terms to the meson-baryon scattering are 

L\ lB =b D Tr(B{ X+ ,B}) + b F Tr(B[ X+ , B}) + b Tr(BB)Tr( X+ ) 
+ d 1 Tr(B{u",[u fl ,B]})+d 2 Tr(B[u^[u fl ,B}}) 

+ rf 3 Tr(5^)Tr(^5) + ^(Bfl)^), (10) 

where hi and d% are the low energy constants. The first three terms are proportional to the x fi e ld and 
hence to the quark mass term. Thus, they are responsible for the mass splitting of baryons. Indeed, 
Gell-Mann-Okubo mass formula follows from the tree level calculation with isospin symmetric masses 
m u = m d = m ^ m s . 

3.3 Low energy meson-baryon interaction 

Here we derive the s-wave low energy meson-baryon interaction up to the order 0(p 2 ) in momentum 
space. In the three-flavor sector, several meson-baryon channels participate in the scattering, which 
are labeled by the channel index i. The scattering amplitude from channel % to j can be written as 
Vij(W, Q, <Ji, <jj) where W is the total energy of the meson-baryon system in the center-of-mass frame, Q 
is the solid angle of the scattering, and <7j is the spin of the baryon in channel i. Since we are dealing with 
the scattering of the spinless NG boson off the spin 1/2 baryon target, the angular dependence vanishes 
and the spin-flip amplitude does not contribute after the s-wave projection and the spin summation. 
Thus, the s-wave interaction depends only on the total energy W as 

v a W = ^J2j dn y a W ^ a ' a )- ( n ) 
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(a) 



(b) 



(c) 



(d) 



Figure 1: Feynman diagrams for the meson-baryon interactions in chiral perturbation theory, 
(a) Weinberg- Tomozawa interaction, (b) s-channel Born term, (c) u-channel Born term, (d) 
NLO interaction. The dots represent the 0(p) vertices while the square denotes the 0(p 2 ) 
vertex. 



In chiral perturbation theory up to 0(p 2 ), there are four kinds of diagrams as shown in Fig. [Tj For 
the s-wave amplitude, the most important piece in the leading order terms is the Weinberg- Tomozawa 
(WT) contact interaction (a). The covariant derivative in Eq. ^ generates this term which can also be 
derived from chiral low energy theorem. At order 0(p), in addition to the WT term, there are s-channel 
Born term (b) and u-channel term (c) which stem from the axial coupling terms in Eq. Q. Although 
they are in the same chiral order with the WT term (a), the Born terms mainly contribute to the p-wave 
interaction and the s-wave component is in the higher order of the nonrelativistic expansion [77] . With 
the terms in the next-to-leading order Lagrangian (10), the diagram (d) gives the 0(p 2 ) interaction. In 



summary, the tree-level meson-baryon amplitude is given by 

V^W, n, a,, aj) = V™ T (W, tt, a t , aj) + V%(W, fi, a t , aj) + V$(W, fi, a,, a,) + V™ LO (W, fi, a h a 3 ), 

(12) 

where V^ T , V^, and V^ LO terms correspond to the diagrams (a), (b), (c) and (d) in Fig. [fl 
respectively. In the following we derive the s-wave amplitude Vij(W) by calculating these diagrams. 

Let us first consider the WT interaction (a). By expanding the covariant derivative term in Eq. ^ 
in powers of the meson field <£>, we obtain the meson-baryon four-point vertex 



£WT = 7^ Tr (Bil^d^ - (d^)<S>,B}) . 
The tree-level amplitude by this term is given by 



(13) 



V^(W O a a \ - ^ / — + Ei Mi±3 



x (X 



2W-Mi- Mj + (2W + Mi + Mj 



Qi • Qj + Hgj x Qj) • g 

(Mi + Ei^Mj + EA 



X 



(14) 



where q^, Mi and E^ are the momentum, the mass and the energy of the baryon in channel i, and \ ai is 



the two-component Pauli spinor for the baryon in channel i. Applying the s-wave projection (11), we 
obtain the WT interaction 



V™{W) 



C; 



4/ : 



(2W - M { - Mj 



Mi + Ei Mi + Ei 



2M 



2M, 



(15) 



The Cij coefficients express the sign and the strength of the interaction for this channel. With the 
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SU(3) isoscalar factors [Ml ETZj, it is given by [HH 1X09] 



ai=y>-c 2 («)] 



J- Y / K 



Y — Yj + Yi — Yi + Yj 



a 

h + h 



T-. Y-. j. y 

Ji 3 1 3i 1 3 



a 

r,Y 



i 3 + i 



j- 



(16) 



where a is the SU(3) representation of the meson-baryon system with 62(0;) being its quadratic Casimir, 
Ii and Y; are the isospin and hypercharge of the particle in channel i (i stands for the baryon and i for 
the meson). Explicit values of CV, for the S = — 1 meson-baryon scattering can be found in Ref. [8]. It 



is remarkable that the sign and the strength of the interaction (15) are fully determined by the group 



theoretical factor Cj,-. This is because the low energy constant is absent in the Lagrangian (13), as it 



is derived from the covariant derivative. In the language of current algebra, this is a consequence of 
the vector current conservation (Weinberg- Tomozawa theorem) [791 ED]- Indeed, at the threshold of the 



irN — > ttN amplitude, Eq. (15) gives the irN scattering length (the relation of the T-matrix with the 
nonrelativistic scattering amplitude is summarized in Appendix) 



a 7rW->-7rJV 



M 



N 



Att(M n + m f ) f 2 

M N m Tl 
~87r(M N + m n )J^ 



for I = 1 /2 
for I = 3/2 



(17) 



in accordance with the low energy theorem. 

It is also remarkable that the phenomenological vector-meson exchange potential |6] leads to the 
same channel couplings with Cy when the flavor SU(3) symmetric coupling constants are used. In fact, 
with the KSRF relation g\ = [Ull ECE], the vector -meson exchange potential reduces to the 

contact interaction V oc C^// 2 in the limit m v — > 00. 



Another important feature of the WT interaction (15) is the dependence on the total energy W 



This is a consequence of the derivative coupling nature of the NG boson in the nonlinear realization. 
The energy dependence is an important aspect for the discussion of the s-wave resonance state. 

Next we turn to the Born diagrams (b) and (c) in Fig. [TJ By expanding the axial coupling terms in 
Eq. ^ in powers of the meson field $, we obtain the meson-baryon Yukawa vertex 



C 



Yukawa 



V2f 



Tr (D(B^j 5 {d^, B}) + F(BYl 5 [d^, B])) . 



Using the three-point vertex, we calculate the s-channel Born diagram [Fig. [T] (b)] which leads to 



V°(W,Q,a t ,a J )=J2 



ii,k jj,k 



k=l 



12/2 



Ml 



2Mi 



'Mj + Ej 



2Mi 



(W - M k ){s - W{Mi + Mj) + .\ /,,!/, 



+ {W + M k ){s + W(M t + Mj) + MiMj 



Qj ■ Qj + KQi x Qj) ■ & 

(Mi + Ei)(Mj + Ej) 



X 



where s = W 2 and channel k denotes the intermediate baryon. The coefficients Cjf k are given by D 
and F constants whose explicit forms are shown in Ref. |113j . In the same way, the u-channel Born 
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diagram leads to 



8 £»(c) (j{c) 
jk,i ik,j 



VS(W,(1, <,„<,,) = --£ 12/2 



X (X 



fc=l 



Mi + Ei I Mj + Ej 



2M 



2M,- 



u(W + M k ) + W(MiMj + M fc (M + Mj)) 



- MiMjM k - M 2 (Mj + M k ) - Mf(Mi + M k ) 
+ {u(W - M k ) + \V(M;M: + M k (Mi + Mj)) 

+ M,M r \I,. + Mf(Mj + M k ) + Mf(Mi + M k )} 



Qi ■ Qj + KQi x Qj) ■ & 

(Mi + (Mj + Ej) 



with 



u = — s + rrii + rrij + 2EiEj — 2q { ■ qj, 
where mj is the mass of the meson in channel i. After s-wave projection, we obtain 

1 



8 q(c) 
ii,k jj,k 



k=l 



v»(w) 



12 f 2 W + M k 

8 q(_ c ) q(p) 
jk,i ik,j 



[s - W(Mi + Mj) + MiMj] 



Mi + Ei Mj + Ej 



2M 



2Mj 



E 

k=i 



up 



x 



+ 



(Mi + M k )(Mj + M, 



s + Ml- -m]- 2EiE 3 



{\Y ■ M k -Mi- Mj 

(W - M k + Mi + Mj)} 



x In 



2(M l + E t )(M J +E j ) 
s + M 2 -m 2 - m) - 2EiEj - 2qfii 



Mi + Ei Mj + Ej 



2M 



s + M 2 k - m? - m) - 2E t E 3 + 2Mj 
where the three-momentum in the center-of-mass frame is given by 
^[W 2 - (Mi - mi ) 2 }[W 2 - (Mi + rrn) 2 ] 



2Mj 



qi 



2W 



The studies of the chiral unitary approach with the next to leading order terms were performed in 
Refs. |1121 11131 11141 H151 1116] . The expansion of the Lagrangian ( 10 ) leads to the four-point vertices 



C 



NLO 



bnBn 



b F B 0r 



° °Tr( J B{m$ 2 + 2$m$ + $ 2 m, B}) - ^^Tr(B{m$ 2 + 2$m$ + $ 2 m, B] 



P 



Tr(5B)Tr(m$ 2 ) 



P 
4b B 

P 

j±Tr{B{d*&, [d^,B]}) - J^-Tr(B[d^, [d^,B]}) 
2d, 



2d 2 , 
r- 

2d 4 , 



-^-Tr(Bd^)Tr(d^B) - j^Tr(BB)Tr(d^d^). 
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With these Lagrangians, we obtain the scattering amplitude as 



Mi + Ei I Mj + Ej 1 (6l) 
■2M. J 1 



(6a)' 



2(E i E j -q i .q j )C^ 1 



x (x CTi 



1 - 



• qj + t{qi x q 3 -j ■ 
(Mi + EJiMj + Ej 



x 



The coefficients Ci b i and C-^?' 1 . include the low energy constants fo and cL, whose explicit forms are 



t(&2) 



given in Ref. |113j . The s-wave projection provides 



V^°(W) 



f 2 



c 



(bi) 



2 ( EiEj + 



3(Mi + Ei)(Mj + Ej 



C 



n,33 



Mi + Ei M j + E j 



2Mt 



2Mi 



3.4 Nonperturbative amplitude in scattering equation 

In this section we construct the nonperturbative scattering amplitude based on the scattering equation. 
In quantum mechanics, once the potential is given, the scattering amplitude can be obtained by solving 
the Lippmann-Schwinger equation. In the chiral unitary approach, we regard the two-body interaction 
obtained in chiral perturbation theory as the potential of the scattering equation. This strategy is similar 
to the study of the nuclear force; the potential is first constructed to reproduce the tree amplitude of 
the meson-exchange diagram in Born approximation, which is then used in the scattering equation to 
calculate the observables |117l 11181 H19| - To take into account the transitions among the meson-baryon 
channels with the same quantum numbers, we consider the coupled-channel scattering equation which 
is a matrix equation in channel space. 

A short remark on the particle masses is in order. Since the quark mass term \ is counted as 0(p 2 ), at 
the leading order 0(p) in chiral perturbation theory, all the octet baryons have the common mass Mq and 
the NG bosons are massless. On the other hand, in the chiral unitary approach, physical hadron masses 
are adopted in the scattering equation with the leading order interaction kernel. This is because the 
threshold energy is so important for the physics of resonances that we separately consider the kinematics 
of the meson-baryon systems from the chiral expansion of the interaction kernel. Conceptually, we may 
regard that the 1PI self-energy diagrams are already summed up to give the physical masses of the 
hadrons, and we expand the low energy meson-baryon four-point correlation function in powers of the 
meson momenta to derive the interaction kernel. For the same reason, we may utilize the physical 
meson decay constant / to take into account the field renormalization of the NG bosons. We will 
further discuss the decay constant in relation with the on-shell factorization. 

In the following, we consider the nonrelativistic amplitude and 5*-matrix in s wave (I = 0) after 
partial wave decomposition. The Lippmann-Schwinger equation for the two-body scattering amplitude 
t with the energy E is given in the operator form as [120J 

t(E) = v + vg(E)t(E), (19) 

where v is the potential and g is the two-body free Green's operator. The equation is schematically 
displayed in Fig. [2] Substituting the whole right hand side into the t operator in the right hand side 
successively, the scattering amplitude can be expressed as the infinite sum of v and g as 

t — v + vgv + vgvgv-\ , (20) 



as illustrated in Fig. |3j In this way, the solution of the scattering equation (19) includes the non- 
perturbative resummation of the multiple scattering which can generate bound states and resonances 
dynamically. 
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Figure 2: Schematic illustration of the Lippmann-Schwinger equation (19). The shaded 
(empty) blob represents the t-matrix (potential v). Free Green's function g is expressed by 
the intermediate meson-baryon loop. 



-0* + -(>(> + <H>C> 



Figure 3: Schematic illustration of the expanded Lippmann-Schwinger equation (20). The 
shaded (empty) blob represents the t-matrix (potential v). Free Green's function g is ex- 
pressed by the intermediate meson-baryon loop. 



We label the scattering state in channel i by its on-shell three-momentum ki = \j2[ii(E — Ef) 
where fii is the reduced mass of the system and Ef is the appropriate threshold energy for channel i. 
Taking the matrix element of Eq. (19) by the scattering state | ki ) and inserting the complete set of the 



intermediate states, we obtain the integral equation for the scattering amplitude 
(^|t(£)|%>=(^M%> + ^ / d " 



7 3 (k i \v\q k )(q k \t(E)\k j ) 

Qk 



E-E qk +ie 

where E Qk = ql/2fi k + E®. Note that the intermediate momentum q k can be off shell. Defining the t 
matrix element T^, the interaction kernel Vij and the energy denominator G k as 

T i:j (E]ki,kj) =(ki\t(E)\kj), Vij(ki,kj) = (ki\v\kj), G k (E;q k ) = — — — , 

the scattering equation can be written as 

Tij(E; k h kj) =V r ij (A; i , kj) + ^ / d 3 q k V ik (ki, q k )G k (E; q k )T kj (E; q k , kj). 



(21) 



This is an integral equation for the amplitude T^{E\ ki, kj). However, in certain circumstances, Eq. (21 ) 
reduces to a tractable algebraic equation. For instance, if the Vij(ki,kj) is just a constant and inde- 
pendent of the momenta, then the kernel Vi k can be factored out from the q k integration in Eq. (21). 
The expanded form (20) ensures that the T k j is also independent of the external momenta, so the q k 
integration in Eq. (21) acts only on the energy denominator. The same factorization is achieved by the 
use of the separable form factor for the off-shell momentum dependence of the interaction kernel as in 
Ref. [7j. Then we can perform the momentum integral separately, and obtain 



Tij(E) =Vij + V lk G k {E)T k] {E), G k = f d 3 q k G k (E; q k ). 



k 

The solution of this equation can be given in matrix form as 

T = {V- 1 -G)- 1 . (22) 
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A similar factorization method has been developed in the chiral unitary approach |12H [S], which will 
be explained below. 

To apply the above framework to the meson-baryon scattering, we regard the tree-level chiral ampli- 



tude (11) as the interaction kernel Vy which now depends on the total energy. In addition, relativistic 
kinematics is required to account for the dynamics of the light NG bosons. Thus, denoting the total 
center-of-mass energy as W, we replace 



E V i:i (k h kj) ->• Vij (W; k h k 



3/ 



G k (E; q k ) ->G k (W) q k ) = — — 2 . — ~ 2 _ 2 , 77 , / <Tq k -> 1 



(P- qk )2-M 2 + ieq 2 -m 2 +ie' J J (2tt) 4 ' 

where M k and m k are the masses of the baryon and the meson in channel k, and the total momentum 
is given by P M = (W, 0) in the center-of-mass system. Note that the momentum variable g£ now 
represents the four momentum and we neglect the spatial components of the baryon propagator. Then 
the scattering equation becomes 

J^V ik (W- h, q k )G k (W- q k )T kj (W; q k , kj). 

Here the initial and final momenta ki and kj are on shell, while the intermediate q k is off shell. It is 
this off-shell momentum that prevents the factorization of T out of the q k integral. 

Now let us consider the on-shell factorization, following Refs. [1211 E]- We first note that the on-shell 
part of the interaction kernel V for the meson is given with q 2 = mj, so the rest of the interaction kernel 
is proportional to (g| — m 2 ). Thus, the interaction kernel can be decomposed as 

Vij(W] h, qj) = V™(W; h, q) = m 2 ) + ^{q 2 - m 2 ), 

with the on-shell part V™ and a coefficient fiij which controls the off-shell contribution. Substituting 
this into the momentum integral, we find 

t r , TI , , V 2M k 1 



-V ik (W; k h q k 



(2tt) 4 ' lKV " ' ^ (P - q k ) 2 - M 2 + ieq 2 - ™ 2 



mi + it 



:V° k «(W;ki,q 2 k = m 2 )i J 



d^k 2M k 1 

(2tt) 4 (P - q k ) 2 - M 2 +ieq 2 -m 2 + xe 



,. q f d 4 q k 2M k 

+ t ^ k J (2nr(P-q k ) 2 -M 2 + i e- {26) 

The first term in the right-hand side is the on-shell part of the interaction V, while the second term 
corresponds to a tadpole diagram, as shown diagrammatically in Fig. |4| Namely, the off-shell part 
of the meson in the kernel acts as the "contraction" of the meson propagator. In the same way, the 
off-shell part of the baryon contracts the baryon propagator and leads to the meson tadpole diagram. 
The contribution of these tadpole graphs can be absorbed into the renormalization of the meson-baryon 
vertex in the leading order. In practical calculations, we use a physical value of the meson decay 
constant as an renormalized value. In this way, we are left with the on-shell part of the interaction and 
the loop integral can be performed separately. Defining the loop function as 

C (W) - i ! d% 2Mk 1 — (24) 

^ W >- % ] ( 27r )4(p_ gfe )2_ M 2 +ie? 2_ m 2 +ie » W 

the scattering equation finally becomes 

Tij(W) =Vij{W) + V ik (W)G k (W)T kj (W), (25) 
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► 



Figure 4: Diagrammatic illustration of the on-shell factorization of Eq. (23) 



since the on-shell momenta ki are the function of the total energy W . This is an algebraic equation and 



its solution can be written as in Eq. (22) with the energy dependence of the kernel Vij(W). 



The integral (24) diverges logarithmically, so we need to introduce some regularization scheme. 



Adopting the dimensional regularization which preserves the fundamental symmetries, the finite part 
of the loop function is written as 



G k (W) ->G k {W;a k (fi)) 



1 



(47T) 



. . Mi m\ 
a k (n) + ln— f + — k - 



Mi + W 2 



{Ml 



2W 2 



In 



Mi 



+ 2Wq k ) + ln(l^ 2 + {M 2 k - m 2 k ) + 2Wq k 



\n(-W 2 + (M 2 - m 2 k ) + 2Wq k ) - ln(-l^ 2 - (M, 



m. 



(26) 



with the three-momentum function q k given in Eq. (18). The loop function G k (W; a k (jj)) is the function 
of the total energy W and the subtraction constant a k (fi) which determines the finite part of the loop 
function at the renormalization scale //. Note that there is one renormalization parameter for each 
channel, since the shift of the constant can be absorbed by the change of the scale as a k (fi') — a k ([i) = 
21n(/i'//i). Thus, with the WT interaction, a k (fi) are the only free parameters in the chiral unitary 
approach. The subtraction constants have been used to fit experimental data, but the choice of the 



parameters is closely related to the origin of resonances as we discuss in Section 3.6 



3.5 Unitarity and the N/D method 

We have seen that the Lippmann-Schwinger equation leads to the nonperturbative scattering amplitude 
Let us derive the same amplitude in the framework of scattering theory, based on 
This method is less intuitive than the one with the scattering equation, but the 



(22). 



as in Eq 

Refs. [T221 TT231 15] 

connection with the unitarity of the S-matrix is apparent. For simplicity, we deal with the single-channel 
meson-baryon scattering in this section. 

In the scattering theory, the asymptotic completeness leads to the unitarity of the S-matrix operator: 



s^s = SS 1 = 1. 



As shown in Eq. (63) in Appendix, the unitarity condition leads to the optical theorem for the forward 



scattering with total momentum P M : 



where dllq(P) denotes the n-body phase space with the total momentum P M given in Eq. (62) and 



we write the amplitude as a function of the Mandelstam variable s = P^Pa = W 2 . This relation shows 
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that the scattering amplitude T(s) has an imaginary part when a intermediate state can go on shell for 
given s. The lowest one in the present case is the two-body meson-baryon state, so the imaginary part 
of the amplitude appears above the meson-baryon threshold. When the energy variable s is analytically 
continued to the complex plane, the imaginary part on the real axis causes a branch cut which is called 
unitarity (right-hand) cut. Restricting the model space to the meson-baryon two-body intermediate 
states, we can write the imaginary part of the inverse amplitude as 

Im T-\s) = for s > S+ , (27) 

where the two-body phase space factor is given by 

/ \ MJTs - S)(S - 8+) , , 

p(s) = Vl 4 J l ^ (28) 

with s± = (M±m) 2 . 

Now we follow the N/D method |124|,I125] to construct the general form of the scattering amplitude. 
We first consider the kinematical singularities of the amplitude. In addition to the unitarity cut discussed 
above, in the relativistic kinematics, the unphysical (left-hand and circular) cuts appear due to the 
crossed diagrams. In the N/D method, we decompose the amplitude T into the N and D functions, 
and let D (N) be exclusively responsible for the unitarity cut (unphysical cuts): 

T(s) NM 



D(s) 

Im N(s) =0 for s > s + 

Im D(s) =0 for unphysical cuts. 

Then the imaginary parts of the N and D functions are given by 

Im D(s) = ^-N(s) for s > s + 

Im N(s) =Im [T(s)] x D(s) for unphysical cuts, 



where we have used Eq. (27). Apart from these branch cuts, the scattering amplitude is meromorphic 
(analytic except for possible poles) as a consequence of causality |120[ I126j . The possible poles and 
zeros of the amplitude are called the Castillejo-Dalitz-Dyson (CDD) poles |127] which are interpreted 
as the effect of independent particles participating in the scattering |128j . Thus, using the dispersion 
relation, we can write the N and D functions as 

1 f°° p(s')N(s') 

D(s) = — / ds'^—^ — — + (subtractions) + (pole terms), (29) 
2vr J s+ a? -s 

N(s) =- ! ds' lm ^ D(yS - + (subtractions) + (pole terms), (30) 

" J unphysical ^ " 

where subtraction terms may appear depending on the properties of the integrand, and possible CDD 
pole terms are also included. 



Equations. (29) and (30) are the coupled integral equations to determine the iV and D functions, 
which can be solved by knowing Im T on the unphysical cuts. In the present study, we are interested 
in the physical scattering amplitude and resonances above the threshold, where the effect from the 
unphysical cuts is considered to be small. Thus we set iV = 1 and neglect the dispersion integral from 
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the unphysical cuts. Then the D function, which is now the inverse amplitude, is given by the dispersion 
integral of p(s) as 



^ 1 w=E«AiF-+a(*o)+ w ■ Su 



w - 



2tt 



ds' 



(s' - s)( s > - s y 



(31) 



The first term corresponds to the CDD pole contributions, whose position W% and residue Ri cannot 
be determined within the scattering theory Single subtraction is performed at the subtraction point 
Sq with the subtraction constant a(so) to tame the divergence. From the explicit form of the two-body 



phase space (28), it is understood that the single subtraction is sufficient to obtain the finite dispersion 
integral. Equation (31) is the general form of the amplitude which is compatible with the unitarity 



condition (27). 



Next we match the amplitude with that in chiral perturbation theory at low energy [9]. We first 



calculate the imaginary part of the loop function G(W) in Eq. (24) by Cutkosky rule: 



Im G(W) 



d 3 Pl 2M f d 3 p 2 1 



(2vr) 3 2E J (2vr) 3 2u 



-(2ir 4 )5\P- Pl - P2 ) = - 



P(s) 



where we denote pi = P — q and p 2 = q. Thus, the imaginary part of the loop function G(W) is also 



given by the phase space function (28). Because the dimensional regularization preserves the analyticity, 



the dispersion integral plus the subtraction constant in Eq. (31) can be identified as the finite part of 
the loop integral in Eq. (26). In this way, denoting the CDD pole contributions as T _1 , we can write 
the general amplitude as 



T(W) =[T-\W) -GiW)]- 1 

=T(W) + T{W)G(W)T(W) + .... 



(32) 



We determine T(W) by the systematic matching of this amplitude with the low energy expansion [9]. 



For instance, at 0(p), the right hand side of Eq. (32) should coincide with the leading order amplitude 
in chiral perturbation theory as 

Ti =V X (W), 

which is given by the WT term and the Born terms. In the same way, we can determine the higher 
order amplitude of T{W) as 

r 2 =v 2 {w) 

r 3 =v 3 {w) - v x g(w)v u 

where the one-loop contributions should be subtracted at order 0(p 3 ) to avoid the double counting. In 
this way, with the interaction kernel up to 0(p 2 ) in Eq. (12), the final form of the scattering amplitude 
is given by 

T(W) =[V-\W)-G(W)}-\ 



in accordance with Eq. (22). 



Let us here summarize the difference of the chiral unitary approach from the standard calculation in 
chiral perturbation theory. By virtue of the power counting rule, chiral perturbation theory is renormal- 
izable and crossing symmetric at given order. The unitarity of the amplitude is however satisfied only 

6 Here we change the energy variable from s to W = s/s. It is shown that the dispersion integral is of the same form 
in complex W plane |123j . 
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perturbatively, and resonances cannot be treated dynamically. In the chiral unitary approach, on the 
other hand, the infinite resummation of diagrams recovers the unitarity of the amplitude. At the same 
time, the resummation spoils the systematic power counting, so the amplitude T in general depends on 
the cutoff parameter, the subtraction constant^] Since the contributions from the unphysical cuts are 
neglected, the crossing symmetry is lost in the above formulation]^] Thus, it is important to choose the 
appropriate scheme for the analysis of the system in question. For instance, the leading order chiral 
interaction for ttN channel (17) is not strong enough to generate bound states and resonances, which is 
in accordance with the absence of s-wave resonances around the tcN threshold. Therefore, the s-wave 
tcN system around the threshold can be well described in chiral perturbation theory. On the other hand, 
in the KN-irY, system, chiral interaction is found to be strong and it is experimentally known that the 
A(1405) resonance exist below the KN threshold. In the latter case, the unitarization is mandatory to 
deal with the strong dynamics of the hadronic interaction. 



3.6 Resonances in the amplitude and their origin 

We have discussed the construction of the meson-baryon scattering amplitude. If the attraction of the 
potential is strong enough, the system develops bound states and/or resonances which are expressed 
as pole singularities in the scattering amplitude. In this section, we show the basic properties of the 
resonance pole and study the origin of resonances through the renormalization procedure. 

The resonance state is expressed in the scattering amplitude as a pole singularity in the second Rie- 
mann sheet of the complex energy plan^} The real and imaginary parts of the pole position correspond 
to the mass M R and the half width T R /2 of the resonance state, respectively, and the residue of the 
pole is the product of the coupling strength of the resonance to the channel i. On the real axis, the 
scattering amplitude can be written as the sum of the Breit-Wigner pole term and the nonresonant 
background contribution (W) which is assumed to be a slowly varying function of W: 



Since the amplitude of the chiral unitary approach is given in analytic form, it is easy to perform the 
analytic continuation to the complex energy plane. In the chiral unitary approach, the Riemann sheet 
of the amplitude is fully specified by the loop function which contains the information of the relative 
momentum of the two-body system. In practice, the amplitude in the second Riemann sheet can be 
obtained by using the following loop function: 



G\\W) = G i (W)+i- 



2nW 



From the expression of the amplitude (33), it is possible to extract the coupling strengths gi to the 



meson-baryon channel i by calculating the residues of the pole: 
g i9j = lim (W-z R )T tJ (W), 

with zr = M R — iT R /2. In this way, the properties of the resonance can be extracted from the pole of 
the amplitude. 



7 It is possible to eliminate the cutoff dependence by adopting the renormalized interaction kernel V, as was done in 
the meson sector |129j . In the baryon sector, this requires the computation of the interaction kernel up to 0(p 3 ). 
8 In principle, crossing symmetry can be maintained by the use of the Roy equation |130j . 

9 In the complex energy plane, the scattering amplitude is defined on a two-sheeted Riemann surface, because the 
energy is a function of momentum square p 2 and the two momenta are mapped onto the same energy. In the first 
Riemann sheet, only bound state poles can appear as singularities, while resonance poles lie in the second Riemann sheet. 
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In general, the origin of resonances in the two-body scattering amplitude can be classified into two 
categories. One is the preexisting elementary state in the free Hamiltonian. If there are open channels at 
the energy of this state, it acquires a finite width through the couplings to the channels. The other is the 
state which is dynamically generated by two-body attraction and does not exist in the free Hamiltonian. 
In the terminology of scattering theory, the former state is introduced additionally to the scattering 
equation as a pole term called the CDD pole |127[ 1128] . Taking only the hadronic degrees of freedom 
into account, we regard the former (latter) state as the elementary (composite) particle. 

The investigation of the compositeness/elementarity of a particle is a long-standing problem [131, 
11321 11331 11341 1135] . For instance, the property of the deuteron is studied using the relation between 
the compositeness and the binding energy |135j . In the chiral unitary approach, the nonperturbative 
resummation can generate composite states dynamically, while the contribution from elementary parti- 
cles can be included in the interaction kernel V. Therefore, it has been considered that the origin of the 
resonance is identified from the structure of the interaction kernel. For instance, the resonances gener- 
ated by the WT interaction were considered as the hadronic molecular resonances, since the interaction 
kernel has no pole term contribution. However, it is found that the CDD pole contribution can also be 
hidden in the cutoff parameter in the loop function [T2] . 

Let us discuss the origin of resonances in the amplitude in the chiral unitary approach. For simplicity, 
we consider the single-channel case. The extension to the multi-channel problem is discussed in Ref. 



As explained in Section |3.4[ the subtraction constant has to be introduced to determine the finite part 
of the loop function. In the conventional approach, the subtraction constant is regarded as a cutoff 
parameter and is used to fit experimental data. Although the choice of the cutoff is not constrained a 
priori, certain value of the subtraction constant can bring in a seed of the resonance. To demonstrate 
this, let us examine the loop function G(W) in detail. Discretizing the energy of the intermediate state 



as W n , the loop function in Eq. (24) can be schematically represented by 

1 \- p{W n ) 



G(W) 



2n^W-W n + 



le 



where p(W n ) is a real non-negative function representing the spectral density of the state n. If the model 
space consists exclusively of the meson-baryon scattering states, the energy of the lowest-lying state W 
is given by the threshold, and W n > Wo for all n. Noting that the spectral function is positive definite, 
the loop function G(W) should be negative for the energy below the threshold, W < Wq. However, if 
we choose the subtraction constant a freely, the loop function below the threshold can become positive. 

The meaning of the violation of negativity of the loop function is understood in the following way. 
In the first place, the interaction V and the loop function G are entangled and cannot be determined 
separately. This is schematically written by introducing a dependence in V as 

T(W) 



V(W]a)~ l - G(W;a)' 



There are infinitely many combinations of ^(W 7 ; a) and G(W; a) which reproduce the same amplitude 
T(W). The formulation in the previous sections was based on the phenomenological renormalization 
scheme, in which the interaction V is determined by chiral perturbation theory first and the subtraction 
constant in the loop function G is fixed by experimental data. With the Weinberg- Tomozawa interaction, 
the scattering amplitude is given by 

1 

T{W) = V^(W)-i-G(W;a phcno y (34) 

where a p h en o denotes the subtraction constant chosen to reproduce experimental data. In this scheme, 
the subtraction constant represents the effects which are not included in the interaction kernel. Although 
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the low energy constants in the higher order terms contain the information of the contracted resonance 



propagator [136, 96J, it is clear from Eq. (15) that there is no s-channel resonance contribution in 



the WT interaction. This means that, in the framework of Eq. (34), the loop function G should be 
responsible for the contribution from independent particles, if they exist. This effect is considered as 
the CDD pole contribution hidden in the loop function. In this case, the origin of the resonance in the 
amplitude T is not exclusively related to the structure of the interaction kernel V. 

To discuss the origin of the resonance in a transparent manner, it is desirable to construct the 
renormalization condition such that the loop function is free from the CDD pole contribution and all the 
nontrivial structures are embedded in the interaction kernel. To this end, the natural renormalization 
scheme has been proposed in Ref. [12]. As discussed above, when the model space of the theory 
contains only the two-body meson-baryon scattering states, the loop function necessarily has negative 
values below the threshold: G(W; a) < for W < M + m. In addition, since the interaction kernel 
V is derived in chiral perturbation theory, we require that the amplitude T(W) should reduce to the 
tree level V(W) at some matching scale W = \i m . This is achieved by G(// m ; a) = where the scale 
/i m should be chosen in the low energy region M < /i m < M + m. Noting that the loop function is 
a monotonically decreasing function of W in the region of M < W < M + m, to satisfy both the 
requirements, we obtain \x m = M and the renormalization condition is determined uniquely as 

G(W = M;a Datmal ) =0. (35) 

The subtraction constant a na t ura i obtained in this equation is called the natural subtraction constant. In 
this scheme, since the loop function is determined by the theoretical argument, the interaction kernel V 
should be adjusted to reproduce experimental data. Thus, the scattering amplitude is expressed by the 
loop function with the natural subtraction constant and the effective interaction in this scheme \/ natural 
as 

T{W) = V^\W- anat^ai)- 1 - G(W; a natural ) ' (36) 

By the definition of the natural subtraction constant, the loop function does not contain any seed of 
resonance, so the nontrivial origin of resonances should be attributed to the interaction kernel V. If 



Eq. (36) describes well the observed scattering amplitude without introducing explicit pole terms in 
V, resonances appearing in the scattering amplitude can be concluded to be dynamically generated 
resonances and their structures are dominated by the hadronic molecular type components. 



From the viewpoint of the renormalization theory, Eqs. (34) and (36) are the different expressions 



of the same physical amplitude T(W). So, by equating two amplitudes, we obtain 

V^iW)- 1 - G{W; a pheno ) = V^\W; a^w)" 1 - G(W; a natural ). 
The left hand side is completely determined by chiral perturbation theory and data fitting, while the 



natural subtraction constant in the right hand side is fixed by Eq. (35) theoretically. Thus, solving this 
equation for y natural ? we obtain the effective interaction in the natural scheme. This can be expressed 
as the sum of the original WT interaction and a pole term: 

V^-\W- a natural ) = V^(W) + ^ %Zm« > (37) 



where we have used the explicit forms of V WT (W) in Eq. (15) and G(W; a) in Eq. (26) for the single- 
channel scattering and ignored the small energy dependence of the kinematical factor in the interaction 
(M + E)/2M — > 1. The mass of the pole term is given by the difference of the subtraction constants 

Ad = Onatural Apheno 

16tt 2 f 2 

m ^ m ~cmL- < 38 > 
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It is important to note that the numerator of the pole term in Eq. (37) is quadratic in the meson energy 
(jj W — M, so this term is in higher order than the WT interaction. Namely, the low energy theorem 
is maintained in the effective interaction (37). 

Equation (37) shows that any slight difference of the phenomenologically determined subtraction 
constant from the natural value introduces a pole term in the interaction kernel in the natural renormal- 
ization scheme. For a molecular type resonance, the phenomenological subtraction constant is close to 
the natural value and Aa becomes small. Therefore, the effective mass (38) takes a large value and the 
pole term goes away from the relevant energy region of resonances. On the other hand, as the deviation 
of the phenomenological constant from the natural value increases, the pole mass approaches the baryon 
mass M and the pole term will substantially affect the amplitude around the resonance. In this case, 
the origin of the resonance can be attributed to this pole term, rather than the dynamical meson-baryon 
molecule. It is important that the contribution from the independent particle can be hidden in the loop 
function through the renormalization procedure. The natural renormalization scheme is used to analyze 



the origin of the physical baryon resonances in Section 4.4 



4 The structure of A(1405) in chiral dynamics 

In this section, based on chiral unitary approach introduced in the previous sections, we discuss the 
structure of the A(1405) resonance located between the 7rS and KN thresholds with isospin 1 = 
and strangeness S = —1. As we see below, the s-wave scattering amplitude in chiral unitary approach 
with constraints of experimental data describes well both the K~p scattering cross sections and the 
A(1405) mass spectrum below the KN threshold. This implies that we have a microscopical description 
of A(1405) in terms of hadronic degrees of freedom in hand, which enables us to discuss the properties 
and structure of the A(1405) resonance in various aspects. 

After giving brief history of the study of A(1405) in chiral unitary approach and some details of the 



model used in this section, we first find in Section 4.2 that A (1405) is composed of two states which 



have different coupling nature to the 7rS and KN channels. As a consequence of this property, the 

we 



A(1405) mass spectrum can be dependent on the channel by which it is initiated. In Section 4.3 
discuss experimental observations of the A(1405) spectrum to discriminate its pole structure. Production 
experiments are required to investigate the spectrum below the KN threshold. 



Next we turn to the internal structure of A(1405) in Sections 4.4, 4.5, and 4.6 The meson-baryon 
nature of A (1405) is usually taken for granted in the phenomenological applications to the KN inter- 
action. Although it is a plausible scenario, the picture should be examined in a reasonable way. We 
present three different analyses on this issue, showing that the meson-baryon molecular structure of 
A(1405) is indeed realized in the amplitude of the chiral unitary approach. The techniques discussed in 
these sections can be applied generally to dynamically generated resonances. 

Finally we review the applications of chiral unitary approach to other scattering systems. Universal 
feature of the leading order chiral interaction leads to the generation of various resonances in the similar 
manner with A (1405). The systematics of the generated resonances is shown to be closely related to 
the group theoretical property of the WT interaction. 



4.1 Application of chiral unitary approach to A(1405) 

To study the structure of the A(1405) resonance, we apply the chiral unitary approach to the strangeness 
S = — 1 and charge Q = meson-baryon scattering. In the particle basis, this sector contains ten 
coupled channels, K~p, K°n, tt°A, 7r°S°, 7r + £~, 7r~£ + , 77A, r^S , K°E° and K + E~ . In the isospin basis, 
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the channels are classified as 



KN, 7rS, r]A, KS 1 = 
KN,TrE,irA,r]E,KE 1 = 1, 
ttS 1 = 2 



(39) 



which are related to the particle basis through the SU(2) Clebsch-Gordan coefficients with the phase 
convention summarized in Appendix. 

In the framework of the chiral unitary approach, the A(1405) resonance was first discussed in Ref. [7j 
using Lippmann-Schwinger equation with the interaction kernel up to NLO terms in the heavy baryon 
formalism. The potentials with local and separable form factors were examined. Using the total cross 
sections of the K~p scattering amplitude and the threshold branching ratios as constraints, the A(1405) 
resonance was well described in the 7rE spectrum. In Ref. [8], full SU(3) channels were included in the 
coupled-channel equation, and the three-momentum cutoff scheme was adopted to tame the divergence 
of the loop function. The on-shell factorization scheme for meson-baryon scattering was developed. In 
Ref. [9], the formulation based on the N/D method was introduced to the meson-baryon scattering, 
which becomes the foundation of the recent investigations in this field. A comprehensive study up to 
NNLO interaction was found in Ref. [10J. 

After having obtained the good formulation of A(1405), the properties of A(1405) were investigated. 
It was found that there are two poles around A(1405) [9] and their physical significance was discussed 
in Ref. [11]. In higher energies than the A(1405) region, the A(1670) resonance (the £(1620) resonance) 
exists in the isospin / = (/ = 1) channel of the S = — 1 scattering. These resonances were success- 
fully reproduced in the chiral unitary approach [137J, without altering the description of A(1405). In 
Ref. |138j . the S = — 1 and 1 = sector was studied in the fully relativistic treatment of the Bethe- 
Salpeter (BS) equation. The cut-off and form factor dependences were discussed in Refs. \139\ fl40j. 
respectively. In order to clarify the SU(3) content of these resonances, the extrapolation of the ampli- 
tude to the SU(3) symmetric limit was performed in Ref. [11J. As we will see below, this analysis clears 
up the origin of resonances in terms of SU(3) multiplets. 

The DEAR experiment of the kaonic hydrogen [54] gave a large impact on theoretical studies of 
S = — 1 meson-baryon amplitude. Although globally successful description of the scattering data 
had been achieved in previous studies, the total cross sections and the mass spectrum suffer from the 
experimental errors and uncertainties. The KN scattering length is given exactly at the threshold with 
definite absolute value, so the precise determination is very important to constrain theoretical models. 
In response to the accurate data, the model for the S = — 1 meson-baryon scattering was updated 
by performing systematic x 2 analyses with the NLO interaction terms |112[ I113[ 11141 1115[ 1141] . The 
NLO calculation with the separable form factor was also performed in Ref. |142j . A different strategy 
was taken in Ref. |116] where the model was fit to low energy scattering data in order to predict the 
KN scattering length. In this way, quantitative refinement of the theoretical model is possible using 
higher order terms. It is also clear that the subthreshold extrapolation of the KN amplitude and the 
structure of A (1405) is strongly affected by the KN threshold data. Very recently, new measurement 
by SIDDHARTA experiment [55] was found to be in line with the KEK measurement [53], rather than 
the DEAR data (54]. Detailed studies with the SIDDHARTA data is called for. 

In the following sections, we adopt the model of Ref. |137] to study the structure of the A(1405) 
resonance. The interaction kernel is chosen to be the WT term, so the free parameters of the model are 
the subtraction constants in the loop function. These are determined so as to reproduce the threshold 
branching ratios Q as 



a KN 



- -1.84, a^s = - 
—2.25, a^s = — ! 



2.00, a wA = -1.83, 
2.38, a KE = -2.67, 
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Figure 5: Total cross sections of K p to K p, K°n, 7r°A, 7r X + , 7r + S and 7r°S°. The solid 
lines denote the results of the chiral unitary model |137] 1143] . The symbols stand for data 
points taken from Refs. [3H1 SH S31 S21 El 033 EQ E3 EE1 EHl BQ] • 



with the renormalization scale /i = 630 MeV. With these subtraction constants, the branching ratios 
are obtained as [143] 

7 = 2.30, R c = 0.618, R n = 0.257. 

The low energy total cross sections of K~p scattering to various final states are well reproduced as shown 
in Fig. [5j The experimental data shows that the cross section of the double-charge exchange process 
K~p — > 7r + £~ is larger than the cross sections to the other 7rE states, which can also be observed from 
the ratio 7 > 1. This feature is well reproduced by the resummation of the chiral unitary approach, 
since the tree-level WT term for the double-charge exchange process K~p — > 7r + £~ is zero. In addition, 
the imaginary part of the amplitude in the 7rS diagonal channel shows a peak structure below the KN 
threshold, which can be interpreted as the A(1405) resonance. 

In this way, we briefly demonstrate that the simple model |137j can reproduce the essential feature 
of the meson-baryon scattering amplitude. It should be nevertheless pointed out that the system- 
atic studies including higher order terms are necessary to obtain more quantitative description of the 
amplitude [TT21 HT31 ITM ITT51 HIT] . 

4.2 Pole structure of A(1405) 

The resonance state is expressed in the scattering amplitude as a pole singularity in the second Riemann 
sheet of the complex energy plane. The properties of the resonance state can be extracted from the 
character of the pole term. In the chiral unitary approach, the scattering amplitude is obtained in an 
analytic form. Thus, it is easy to make analytic continuation of the scattering amplitude to the second 
Riemann sheet and to search for the poles there. The real and imaginary parts of the pole position 
represent the mass and half width of the resonance, respectively, zr = Mr — iYr/2, and the residues of 
the pole of the scattering matrix express the coupling nature of the resonance to the external channels. 
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Figure 6: Absolute value of the scattering amplitude \T\ of the KN elastic channel in the 
second Riemann sheet of the complex energy z plane. 



There are two poles in the scattering amplitude with S = — 1 and 1 = around the A(1405) 
energies [0] and one pole around A(1670) |137j . The positions of these poles are shown in Table [TJ For 
A(1405), one pole is located at higher energy around 1426 MeV with a narrower width 32 MeV, while 
the other is sitting at lower energy around 1390 MeV with a larger width 132 MeV. Both poles are 
found below the KN threshold, so the 7rS state with I = is only the open channel for these poles. The 
pole positions of A(1405) and their effect on the amplitude on the real axis are illustrated by plotting 
the absolute value of the scattering amplitude in the complex energy plane in Fig. [6} The two poles are 
located definitely at different positions around the A (1405) energy in the complex energy plane, while 
there is only one bump structure of the scattering amplitude on the real axis. Because the real parts 
of the two poles are close to each other, the contributions of these poles interfere in the amplitude on 
the real axis. As a consequence, what one can observe experimentally on the real axis is only a single 
resonance peak. Since the pole of the scattering amplitude can be interpreted as one resonance state, 
this finding indicates that the nominal A (1405) is not a single resonance but a superposition of these 
two independent states with the same quantum numbers [TTj . 

The presence of the two poles around A(1405) is more significant for experimental observations 
due to the coupling nature of these resonance states. The coupling constants of the resonance to the 
external channels can be extracted from the residues of the scattering matrix at the pole position as 



Table 1: The pole positions zr and the absolute values of the coupling strengths \gi\ in the 
S = —1 and 1 = amplitude taken from Ref. |llj . 
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z R [MeV] 
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1.5 
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0.35 
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(a) Comparison of two spectra (b): 71E -> tcI (c): K bar N -> 71E 
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Figure 7: 7rE invariant mass spectra with / = in arbitrary units taken from Ref. [150J. 
See also Ref. [JTJ. (a): chiral unitary model calculation of the 7rE invariant mass spectra 
of KN — > 7rS (solid line) and 7rS — > 7rS (dashed line). The heights are adjusted. The 
histogram denotes an experimental spectrum of 7r~£ + channel given in Ref. [25]. (b) and 
(c): model calculations of the 7rS spectra by two Breit-Wigner terms whose parameters are 
determined by the chiral unitary model. The dashed (dotted) line denotes the spectrum only 
with pole 1 (pole 2) term, while the solid line shows the spectrum calculated by coherent 
sum of pole 1 and 2. 



seen in Eq. (33). We show in Table [T] the coupling constants of these resonances to the meson-baryon 
channels obtained with the chiral unitary approach. From this table, it is found that these two poles 
have clearly different coupling nature to the meson-baryon channels; the higher energy pole dominantly 
couples to the KN channel, while the lower energy pole strongly couples to the 7rS channel. The larger 
(smaller) imaginary part of the lower (higher) pole is the consequence of the stronger (weaker) 7rS 
coupling. 

Due to the different coupling nature of these resonances, the shape of the A(1405) spectrum can be 
different depending on the initial and final channels [11] . In the KN — > 7rS amplitude, the initial KN 
channel gets more contribution from the higher pole with a larger weight. Consequently, the spectrum 
shape has a peak around 1420 MeV coming from the higher pole, as seen in FigJ^a). This is obviously 
different from the 7rS — > 7rS spectrum which is largely affected by the lower pole. To examine the 
relevance of two poles, 7rS invariant mass spectra are calculated in a simple model with two Breit- 



Wigner pole terms [first term of Eq. (33)]. The pole parameters are determined by the chiral unitary 
model as in Table [I] The spectra initiated by 7rS and KN are shown in Fig. [7^b) and (c), respectively. 
The dashed (dotted) line denotes the spectrum only with pole 1 (pole 2) term, while the solid line 
shows the spectrum calculated by coherent sum of pole 1 and 2. We find that the spectra by only the 
pole terms well reproduce the results of the full amplitude shown in Fig. [7^a). Because the KN and 
7rE channels put different weights on the pole 1 and pole 2, the spectrum varies from one to the other. 
From this analysis, one finds that the KN — > 7rS spectrum in Fig. [7^a) is affected mainly by the higher 
pole which strongly couples to the KN state, leading to higher peak position with narrower width, 
while the 7rS — > 7rE spectrum puts more emphasis on the lower energy pole and makes the spectrum 
with the peak position around 1405 MeV with a broader width. 

The reason of the presence of the two poles originates in two attractive components of the WT 
interaction [Til US]- In the SU(3) basis, the coupling strengths for the S = — 1 and 1 = channels are 



obtained by Eq. (16) with removing the Clebsch-Gordan coefficients as 
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Figure 8: Trajectories of the poles in the scattering amplitudes obtained by changing the 
SU(3) breaking parameter x gradually. In the SU(3) symmetric limit (x — 0), only two poles 
appear, one is for the singlet and the other for the octet. The symbols correspond to the 
step size 5x = 0.1. Figure is taken from Ref. |llj . 



which is a diagonal matrix because the WT interaction is SU(3) symmetric. In our convention, positive 
values of the coefficient C represent attractive interaction. Thus, we observe that the meson-baryon 
interaction is attractive in the singlet and octet channels and altogether three bound states are produced 
in the SU(3) symmetric limit. Introducing the SU(3) breaking in particle masses, one of the octet 
channels develops to the A(1670) resonance, while the singlet and the other octet states evolve to the 
two poles of A(1405) [UJ. The pole trajectories along with the SU(3) breaking effect are shown in 
Fig. [8} 

Multiplying the SU(3) isoscalar factors as in Eq. (16), we obtain the coupling strengths to the 1 = 
channels in the isospin basis: 
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(41) 



where C. 



, %3 . The diagonal components show that the KN, 7rS, and KE channels are attractive. 
Since A (1405) lies between the KN and 7rS thresholds, it is natural to expect that the two poles originate 
in the attractive interactions in these channels [19]. The attraction in the KE channel is responsible 
for the A(1670) resonance. This picture can be verified by switching off the transition couplings in 
Eq. (41). In this case, the KN channel supports a bound state while a resonance is generated in the 



7rS channel as shown in Fig. |9j Ever since it was predicted [Tj, |2], A(1405) is interpreted as a kind of 
Feshbach resonance: the KN quasi-bound state embedded in the 7rE continuum. In the chiral unitary 
approach, the primary origin of A(1405) is the KN attraction, while the 7rS continuum is not a simple 
scattering state but has a strong correlation. As we will see in the later discussion, this structure is also 
important to determine the subthreshold extrapolation of the KN interaction. 
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Figure 9: Pole positions of the scattering amplitude for A (1405) in the complex energy 
plane with the parameters in Ref. |137j . Crosses enclosed by circles represent poles obtained 
by switching off the transition couplings. Vertical dashed lines indicate the meson-baryon 
threshold energies. 



It is interesting to note that the higher energy KN channel has stronger attraction to support a 
bound state, and the lower energy 7rS channel shows a relatively weaker attraction, which is nevertheless 
strong enough to generate a resonance. Thus, the appearance of the two poles in this energy region 
is realized by the subtle balance of the two attractive forces. The combination of the two poles, a 
narrow quasi-bound state at higher energy and a broad resonance at lower energy, is also observed in 
the meson-meson scattering sector, as a and /o(980) resonances in tttc-KK system. Since this system 
can be obtained by replacing E by it (both are / = 1) and N by K (both are / = 1/2) in irll-KN, the 
universality of the leading order chiral interaction causes the similar pole structure. In this sense, the 
physics of the lower energy pole of A (1405) is related to the a meson through chiral symmetry |151j . 
In both cases the position of the lower pole is relatively far from the real axis and the determination of 
the precise location is difficult. Indeed, the studies with the NLO interaction |112l 1113] 1114] 1115] 1116] 
reported the large uncertainty in the position of the lower pole of A(1405) from the constraint of 
experimental data around the KN threshold. This is natural because the pole stems from the 7rS 
attraction and thus is not sensitive to the observable around the KN threshold. The 7rE threshold 
quantities (scattering length and effective range) were suggested for alternative constraints on the 
position of the lower pole |152] 1153] 1154] . 

At this point, we mention the related works on the two-pole structure of A (1405). The presence 
of the two poles in the KN-nY, amplitude was first pointed out in Ref. which analyzed the low 
energy S — — 1 meson-baryon scattering amplitude in the complex energy plane with several models. 
The potential models developed one pole for A(1405), while the cloudy bag model of Ref. [67] generated 
two poles. The mechanism is essentially the same with the chiral unitary approach, since the cloudy 
bag model respects chiral symmetry for the meson coupling to baryons. Schematically, the interaction 
in the cloudy bag model \§T\ is given by 

C" = (' Wi > + E« 1*1 B ) E _l (B \H.\j), 

Bo 

where the first term is the contact meson-baryon four point interaction of H c and the second term repre- 
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sents the bare state B contribution with Yukawa coupling of H s . Apart from the off-shell dependence, 
the contact term (i\H c \j) has the same structure with the Cjj coefficient in the WT interaction, and 
the bare state which locates at higher energy [69]. Therefore, around KN and 7rS energy region, the 
amplitude is driven by the similar interaction kernel and hence results in the two-pole structure. Re- 
cently, in the framework of Jiilich meson-exchange model, the pole structure of A(1405) is studied [155J. 
Using the parameters already determined in Ref. |62j, it is shown that A(1405) is accompanied by two 
poles as in the chiral unitary model j!55j . Although the interaction in the Jiilich model has many 
ingredients, the vector-meson exchange part provides the similar structure with the WT interaction, 
which leads to the generation of two poles in the amplitude. 



4.3 Observation of the A(1405) spectrum 

Given the importance of the two-pole structure in various aspects, experimental verification of the 
structure is an urgent issue. The phenomenological consequence of the two-pole structure is reflected in 
the 7rS spectrum to which A(1405) decays exclusively. Since the two poles couple to KN and 7rS with 
different weights, the shape of the mass spectrum depends on the initial channel as discussed in the 
previous section. Ideally, the double pole structure could be studied by comparing the KN —> 7rS and 
7rS — > 7rS amplitudes as in Fig. [7} In practice, however, to access the relevant KN — > 7rS amplitude, 
the initial KN state must be off the mass shell since A(1405) is located below the KN threshold. 
It is therefore necessary to utilize A (1405) production experiments whose final state contains 7rS and 
some additional particle(s) X and to reconstruct the 7rS invariant mass spectrum around 1405 MeV. 
Schematically the amplitude for the process I — > XnY, can be given by inserting intermediate states 
labeled by i as 

Ti-^x-kT, — Tj^xi x Ti^Y, 

i 

~ Tj^xKN X ^KAM-ttE + Ti^Xtt-E X ^ttE^ttE, (42) 

where Tj^xi represents the transition amplitude from the initial state / to the intermediate state i 
plus X, and Tj-^s stands for the amplitude involving A(1405) created by the intermediate state i and 
decaying to the final 7rE state. The second line is obtained by assuming that the intermediate states are 
dominated by the KN and 7rE channels, which are most relevant channels for the A(1405) energies. For a 
normal resonance represented by a single pole dominating over nonresonant backgrounds, both T^ N _^^ 
and T-n-s^vrE would have the resonance peak at the same position and the shape of the 7rS invariant 
mass should not depend on the choice of I and X. On the other hand, if A(1405) is represented by 
two states with different weights to the KN and 7rS channels, then the 7rS spectrum depends on the 
ratio Tj^xkn /Ti^x-kY,, namely the reaction to produce A(1405). In this way, the comparison of the 7rE 
spectra in different reactions will give a hint of the pole structure of A(1405). 

There have been several studies of the production processes of A(1405) using the amplitude of the 



chiral unitary model for the final state interaction in Eq. (42). Photoproduction of A(1405) pyp — > 
A^ + A(1405) — > K + 7r'E} [25] and the radiative production with a kaon beam [K~p — > 7A(1405) — > 
77rE] [156] were studied with the amplitude obtained in Ref. [8J. The isospin interference shown in 
Eqs. ([l])-([3]) was first pointed out in Ref. [28]. The result of the photoproduction experiment was 
reported in Ref. [27] which shows similar spectra of charged 7rS states with those predicted in Ref. [28J . 
To understand the new data of the photoproduction of A(1405) recently obtained in Refs. [2HJ E2], more 
detailed study of each reaction process will be highly desired. The reaction study in connection with the 
double-pole structure has been started in Ref. [157J where the 7r~ induced reaction 7t~p — > A'°A(1405) — > 
A'°7rE was investigated in relation with the experimental data in Ref. [21]. This reaction was found to 
put weight on the 7rS — > 7rE amplitude and the importance of the A(1710) production in the initial 
stage was pointed out. The K* photoproduction reaction — > K* + A(1405) — > KtttcT, was studied in 
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Ref . |158] . In this case, the correlation of the polarization of the photon beam and the polarization of 
the final K* filters the parity of the exchanged particle, which reduces the uncertainty of the reaction 
mechanism. Reference [31] analyzed the K~p — > 7r 7r E and found that this reaction is dominated by 
the KN — > 7rE amplitude. Since the higher energy pole is strongly couples to the KN channel, the peak 
of the 7rE spectrum will be shifted upward in comparison with the 7r~ induced reaction. This is indeed 
the case in the experimental data reported in Ref. [30]. The pp — > pK + A(1405) — > pK + n°'E reaction 
was analyzed in Ref. |159j . The calculated spectrum was consistent with that obtained by COSY [32J. 

Among several reactions, it is constructive to find out the reaction in which A(1405) is selectively 
initiated by the KN or 7rE channel. Especially in the KN — > 7rS process the A(1405) peak could 
be shifted upward from the nominal A(1405) and observed around 1420 MeV. To observe the A(1405) 
production initiated by the KN channel, the kaon induced reaction on the deuteron target, K~d — > 
A(1405)n, was proposed in Refs. |160l 1161 j . In this reaction, the created A(1405) decays to 7rS with 
1 = and is to be identified in the 7rE invariant mass. The relevant diagrams for the production 
of A (1405) are shown in Fig. 10 The diagram (a) represents the A (1405) production in the impulse 
approximation, while (b) is for the two-step process with K exchange. The amplitude T\ (T 2 ) stands 
for the s-wave scattering process of KN — > KN (KN — > 7rE). In this reaction, A(1405) is produced 
selectively by the KN channel, because the strangeness is brought into the system from the outside by 
the initial kaon. This is a different feature from the photo- or pion-production of A (1405) in which the 
strangeness has to be created inside of the reaction system. The diagrams (a) and (b) have different 
kinematical characteristics. For energetic incident K~ with several hundreds MeV/c momentum in the 
laboratory frame, the contribution of diagram (a) is found to be very small, since the scattered nucleon 
should be far off-shell to produce A(1405) and the deuteron wavefunction has tiny component of such 
a nucleon. In contrast, in the double scattering diagram (b), the incident K~ energy is taken away 
by the final neutron going to forward directions and the exchanged kaon can have a suitable energy 
to produce A(1405) colliding with the other nucleon in the deuteron. Consequently, in the double 
(single) step process, A(1405) is produced dominantly in backward (forward) directions in the laboratory 
frame. The double scattering process with a pion exchange shown in Fig. [lO^c) hardly contribute to 
the A(1405) production, since S and 7r are emitted separately from the Bi and B 2 amplitudes. Such 
diagrams give smooth backgrounds in the 7rE invariant mass spectra |162j . In the theoretical calculation 
of this reaction with chiral unitary approach, the 7rS mass spectrum with 1 = was found to have 
a peak around 1420 MeV instead of 1405 MeV as a consequence of A (1405) produced purely by the 
KN channel |160[ [161J. Experimentally, this process was already observed in an old bubble chamber 
experiment at K~ momenta between 686 and 844 MeV/c and it shows also the A(1405) spectrum 
peaking at 1420 MeV in K~d — > 7r + £~n [23]. Further detailed experiments are certainly desirable, 
for instance, at J- PARC or DA$NE. It is also worth to mention that, in K~d — > Yirn reactions with 
Y = X or A, because the resonance position of A(1405) produced by KN will be at 1420 MeV with 
a narrower width, one could have a chance to observe £(1385) and A(1405) as separated peaks in the 
missing mass spectrum of the emitted neutron |162j . 

Before closing the discussion of the A (1405) spectrum, we point out several cautions on the analysis 
of the experimental data: 



• Isospin: The physical 7rS final states (7r + £~, 7t~£ + , 7r°£°) are not the eigenstates of the total 
isospin I as shown in Eqs. ([T|-([3]). The other isospin amplitudes as well as the interference terms 
also modify the 7rS spectrum. To extract pure 1 = spectrum, all three 7rS states must be 
detected in the same experiment. There is no a priori reason to believe that 1 = contribution 
dominates the spectrum. 

• Nonresonant contribution: The final state meson-baryon interaction Ti^s always contains both 
the resonance pole term and the nonresonant background contribution. The interference of the 
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Figure 10: Feynman diagrams for the K~d — > 7i~£n reaction to observe the A (1405) resonance 
in the 7rS invariant mass spectrum [160J. The diagrams (a) and (b) correspond to the 
impulse approximation and the double step process, respectively, in which T 2 is the scattering 
amplitude for KN — > 7rE involving the A(1405) resonance and Ti is for KN — > KN. The 
diagram (c) is a possible background contribution with one ir exchange, in which the final 
7rE does not come from A (1405). 



pole term and background term also modify the spectrum from the simple Breit-Wigner form. 
There is no a priori reason to believe that the resonant contribution dominates the spectrum. 



• Model dependence: In the theoretical calculation of the reaction process Eq. (42), there is always 
model dependence of the initial state interaction Tj^ X i- The final 7rS spectrum does depend on 
the chosen reaction model. 

In view of these uncertainties, it is not an easy task to firmly establish/exclude the existence of two poles 
from the experiments. Nevertheless, it is important to collect the 7rS spectra from different experiments 
to enrich the knowledge of A(1405). From the theoretical side, it is desirable to find the reaction in 
which the model dependence of the initial process is as small as possible. 



4.4 A(1405) as a meson-baryon molecular state 

In the chiral unitary approach, the scattering amplitude is obtained by solving scattering equation with 
the interaction kernel derived in chiral perturbation theory. Since the model space consists of meson- 
baryon scattering states, resonances appearing in this model are naively expected to have the meson- 



baryon molecular structure. As argued in Section 3.6, however, it has been revealed that the component 



other than the meson-baryon molecule can contribute to the resonance through the subtraction constant 
in the loop function [12]. Here we discuss the origin of baryon resonances A(1405) and N(1535), 
combining the scattering amplitude obtained in the phenomenological fitting to experimental data with 
the natural renormalization scheme introduced in Section 13.61 



The argument given in Section 3.6 for the single-channel scattering can be generalized to coupled- 
channel systems straightforwardly. Following Ref. [12], we define the natural subtraction constants in 
the coupled-channel case by 

Gi(fi m ) =0, Mm = min{M,}, (43) 

where i is the channel index and Mi is the baryon mass in the channel i. With this definition, both for 
the A(1405) and A^(1535) channels, the natural subtraction constants are determined by G^Mn) = 



and their values are shown in Table 2 Applying the derivation of Eq. (37) to the Weinberg- Tomozawa 
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interaction in the matrix form (15), we obtain the effective interaction in the natural renormalization 
scheme for the coupled-channel 



Katurai^; a naturaM ) =V WT {W) (1 — A • Vwt(WO) 1 ' 
where the diagonal matrix A is given by the difference of the subtraction constants as 



2MiAa 



2 *J> '-^Q'i ^pheno,i "natural, i- 



The separation of the pole term from the original WT interaction as in Eq. (37) is possible only for the 



single-channel case. The pole positions of the effective interaction are obtained by 

det [1 — A - Vwr(W)] = 0. (44) 



Because the WT interaction is linear in W, Eq. (44) is an nth order algebraic equation of W. There 



are n solutions which can be complex. This means that a pole in the effective interaction can have a 
finite imaginary part in the coupled-channel case. 

To investigate A(1405) and iV(1535), we take the phenomenological amplitudes for the S = — 1 and 
1 = channel and the S = and 1 = 1/2 channel from Refs. |137[ 11631 1164[ 1165] in which the KN 
and ttN scattering observables were well reproduced up to the resonance energy region. The values of 
the phenomenological subtraction constants are shown in Table [2] where the renormalization scale u is 
chosen to be u = Mj as in Ref. [TJ]. Using the phenomenological and natural subtraction constants in 
Table [2j we calculate the pole positions in the effective interaction by Eq. (44). The closest pole to the 
physical scattering region for the iV(1535) resonance was found at 

z*£ = 1693 ± 37i MeV. 

Reflecting a large difference between a pheno i and a n aturai,i for the iV(1535) channel as shown in Table [2j 
the effective mass is found at a relevant energy to the physical iV(1535) resonance. This result implies 
that the iV(1535) resonance is not purely molecular state but requires some additional component 



represented by the pole term at 1.7 GeV 10 For A (1405), the pole in the effective interaction was found 
at 



z. 



c A ff * ~ 7.9 GeV, 



This implies that the possible contribution from the pole term for A(1405) is out of the relevant energy 
region. In this way, we conclude that the dominant component of A(1405) is the meson-baryon molecule. 



4.5 The N c behavior and quark structure 

In this section, we argue the quark structure of resonances from the response to the change of the 
number of colors N c . It has been shown that the complicated dynamics of QCD can be simplified by 
taking the large N c limit with g 2 N c being kept fixed [1661 1167j . At sufficiently large N c , the spectrum 
of the theory contains narrow qq mesons and glueballs, while all other components are less important 
in the structure of hadrons. 

10 Strictly speaking, we classify the origin of resonances into "meson-baryon molecule" and "something else". It is 
not possible to pin down the physical origin of the CDD pole contribution in the present approach, because we do not 
have further microscopic description than meson-baryon constituents in this approach. For baryon resonances, the most 
probable candidate for the CDD pole is the three-quark state, but any other components which are not included in the 
model space can contribute as the CDD pole. 
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Table 2: Phenomenological and natural subtraction constants for the A(1405) (S = —1 and 1 = 0) 
and iV(1535) (S = and I = 1/2) channels. The values of the phenomenological subtraction constants 
obtained in Ref. |165] are shown with the regularization scale p = Mi. The natural subtraction constants 
are obtained by Gi(M^) = 0. 



S = -1 


KN 


7rS 




KE 


5 = 


7lN 


rjN 


KA 


ATE 


^pheno,i 


-1.042 


-0.7228 


-1.107 


-1.194 


^pheno,i 


1.509 


-0.2920 


1.454 


-2.813 


O-naturalji 


-1.150 


-0.6995 


-1.212 


-1.138 


^natural, i 


-0.3976 


-1.239 


-1.143 


-1.138 



By utilizing this feature, a novel method to investigate the quark structure of resonances in chiral 
dynamics was developed in the meson sector |168j 1169} 1170] . It is plausible that the ground state mesons 
are dominated by the qq structure. In this case, the N c scaling rule for the hadron quantities can be 
determined by the general rules. For instance, at leading order of the 1/N C expansion, the meson mass 
m and the decay constant / are counted as 

m ~ 0(1), / ~ 0{Ny 2 ). (45) 



The N c counting of the low energy coefficients in the higher order terms are also known [91 J - According 
to these counting rules, a quantity X in the model is scaled as 



X -> X ( — ) for X ~ 0(N 



to generalize the amplitude for arbitrary N c . We then read off the A" c scaling of the mass and width 
of the resonance from the trace of the pole position along with the A" c variation. If the resonance is 
dominated by the qq structure, the mass and the width should follow the general counting rule: 

m qq ~ 0(1), T qq ~ 0(N' 1 ). (46) 

Thus, by comparing the pole behavior with the general scaling rule with N c , it is possible to estimate 
the dominance of the qq structure of the resonance. In Refs. [1681 11691 1170] , the a meson and the p 



meson in the irir scattering were analyzed. The p meson pole follows the scaling law (46), while the 
a meson disappears for large N c in disagreement with the qq interpretation. In this way, the p meson 
can be regarded as the qq resonance, whereas the a meson is not dominated by the qq structure. This 
approach was applied also to the axial vector resonances |171j . It is remarkable that the N c scaling 
method makes it possible to investigate the quark structure of resonances in the models with hadronic 
degrees of freedom. 

In Refs. [131 [H], the baron resonances A(1405) and A(1670) were studied in the same strategy. The 
baryon mass is of the order of N c and the mass splitting due to the flavor SU(3) breaking effect is 
counted as 0(1) |172l 1173] . So we introduce the A" c dependence in the baryon masses as 

N 

M t (N c ) = M y + 5 t , (47) 

with Mo being the averaged mass of the octet baryons at A^ = 3 and Si the symmetry breaking term 
for the baryon i. 

An important non-trivial issue in the baryonic sector is the N c dependence of the coupling strength 
Cij in the leading order WT term |108[ 1109] . This N c dependence stems from the extension of the 
SU(3) representation of the flavor multiplet to arbitrary N c for three-flavor baryons |174[ 11751 1176] . 
which leads to the N c dependence of the coupling strength. The generalization of the flavor multiplet 
is applied only to the baryons (q c system for arbitrary iV c ), not to the mesons (qq for arbitrary N c ), 
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so the N c dependence in the C« coefficients does not appear in the meson sector. The N c extension of 



the interaction strength in the SU(3) basis (40) is given by 



/9 + N c 



C 



SU(3) 
ij 



\ 



\ 



-1-N C 
~2~J 



0{N- 1 ), the linear N c 
0(1) remains finite in the large 



with the channels "1", "8", "8"' and "27". The notation "i?" represents the multiplet which reduces 
to R at N c = 3. It is worth noting that the strengths in the "1" and "27" channels have 0(N C ) 
contributions. Since the WT interaction (15) is also proportional to f~ 2 
dependence of C indicates that the interaction kernel V ~ C/f 2 
N c limit. In general, the chiral interaction is considered to vanish in the large N c limit because of the 
f~ 2 factor. In the baryon sector, however, the N c dependence of the coupling strength leads to the 
nonvanishing interaction in the large N c limit. Furthermore, the attraction in the "1" channel is shown 
to develop a bound state in the large N c limit [131 EH]- 

The coupling strength in the SU(3) basis can be transformed into the isospin basis by using Clebsch- 
Gordan coefficients at arbitrary N c |177] as 



/ N c + 3 y/3N c - 3 y/3N c + 9 



Clf spm (N c ) 



2 








\ 



2 

y/9N c - 9 



-N c + 9 



\ 



(48) 



/ 



with the channels being KN, 7rS, rjA and ifEp] The coupling strength in the KN channel is pro- 
portional to N c , so the attractive interaction V remains finite in the large N c limit. This attraction 
is strong enough to form a bound state. The KN bound state in the large N c limit may be related 
with the kaon bound state in the Skyrmion model [61]. It is also interesting to note the diagonal 
channel. The interaction is attractive at N c = 3, which turns into repulsion for N c > 9. Namely, the 
sign of the interaction strength can be flipped by the N c dependence. 



Using the coupling strength (48) together with the scaling rules in Eqs. (45) and (47), we construct 
the WT interaction V at arbitrary iV c . To complete the argument, we also need to determine the 
N c dependence of the loop function G. The particle masses follow the scalings (45) and (47), so the 



cutoff parameters are to be specified. Given that A(1405) is reproduced by the natural renormalization 



condition (35) in the dimensional regularization scheme, it is reasonable to adopt Eq. (35) at arbitrary 



To appreciate physical energy scale of the regularization, three-momentum cutoff scheme is suit- 
able. There are two possible scaling rules for the cutoff parameter, and it is shown that the qualitative 
conclusions in both cases are not different from the result with the dimensional regularization [T4"] . 

In this way we obtain the meson-baryon scattering amplitude as a function of N c . General N c scaling 
rule of the mass M, the excitation energy E and the width T of the excited baryon with N c quarks 
(generalization of the three-quark state) is given by |178l 1179] 



M qNc ~ 



0{N C 



E q N c ~ 



T q N c ~ 



(9(1). 



(49) 



11 To be precise, we should write "iV" instead of N for baryons, since the quantum numbers are not exactly the same 
with the nucleon at arbitrary N c . For more detail, see Refs. |176U177j . 
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Figure 11: Pole positions of the s-wave meson-baryon scattering amplitudes with 1 = and 
S = — 1 as functions of N c with the dimensional regularization scheme. The horizontal axis 
denotes the real part of the pole position measured from the KN threshold for A(1405) and 
the KE threshold for A(1670), and the vertical axis expresses the imaginary part of the pole 
position. The value of N c varies from 3 to 12 as indicated by arrows. Figures are taken from 
Ref. [H]. 



We compare this general scaling rule with the behavior of the resonance poles in chiral unitary approach. 
The trajectories of the poles for 3 < iV c < 12 are shown in Fig. [TTJ To remove the trivial A" c dependence 
of the baryon mass, the real parts for A(1405) [A(1670)] are plotted as the excitation energy measured 
from the KN (ICE) threshold. It is clear that the imaginary parts of all the poles change drastically, 
in contrast to the leading behavior of the width of the N c quarks state (49). This result indicates that 
the three-quark component (at N c = 3) in A(1405) and A(1670) should be small. 

As N c is increased, the higher energy pole of A(1405) (z2 in Fig. 11) approaches the real axis and is 
becoming a bound state, while the imaginary parts of the other two poles grow and these resonances 
dissolve into continuum. This can be understood in the following way. In Section 4.2, we find that the 
higher (lower) pole of A(1405) originates in the attraction in the KN (7rE) channel, while A(1670) is 
dominated by the K"E component. The N c dependence of the relevant channels in Eq. (48) indicates 
that the A^A" attraction remains finite in the large N c limit, while the attractive components in the 7rS 
and KE channels are gradually suppressed as N c increased. Thus, the only KN bound state remains 
in the large N c limit and the other states disappear. This speculation is confirmed by the properties of 
the residues of the poles; at large N c , the would-be bound state is dominated by the A'A" component in 
isospin basis [TBI H~4] . Hence the N c behavior of these poles is indeed consistent with the expected limit 
of N r -)■ oo. 



4.6 Electromagnetic properties and the size of A(1405) 

The standard and traditional method to investigate the structure of a particle is to use (virtual) external 
currents. For instance, the electromagnetic structure of the nucleon is known to high accuracy through 
the precise measurements of electron scattering and Compton scattering [180J. In the chiral unitary 
approach, A (1405) is well described microscopically by meson and baryon degrees of freedom. Thus, 
by introducing couplings of the constituent hadrons to an external photon field, the electromagnetic 
properties of A (1405) can be studied theoretically. A series of works on A (1405) have covered the 
evaluation of the magnetic moments |181j . the radiative decays |182] and the helicity amplitudes [183J. 
Among others, the form factors and mean squared radii provide the information of the intuitive "size" 
of the particle. Knowing the size of the resonance is important for the estimation of the production 
yield in the heavy ion collisions in a coalescence model, which is shown to be a promising approach to 
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Figure 12: Feynman diagrams for the meson-baryon amplitude T^- (left) and the current cou- 
pled meson-baryon amplitude T^j (right) at the pole position. The double lines correspond 
to the resonance state. Figures are taken from Ref. [To] . 



extract the structure of hadrons [184J . The form factors of A(1405) have recently been evaluated in 
chiral unitary approach [El [16], which we discuss in this section. 

The form factor of a particle is defined through the matrix element of the electromagnetic current 
J^ M . For the spin 1/2 nucleon, the form factors are given by 



N(P')\J£ u (x = 0)\N(P)) = u(P') 7^(Q 2 )+^^-F 2 (Q 2 ) u(P), 



2M 



(50) 



where the momentum transfer is Q 2 = —{P' — P) 2 . The Dirac and Pauli (F 2 ) form factors are 
related to the electric (Fe) and magnetic (Fm) form factors as 



F E {Q 2 ) = F l {Q 2 



AM 2 



F 2 (Q 2 ), F M {Q 2 ) = F^Q 2 ) + F 2 (Q 2 



These form factors are normalized at Q 2 = as Fe(0) = Qn and Fm(0) = /ijv, with the charge Qn and 
the magnetic moment fiN of the nucleon N. In the Breit frame, Fourier transformation of the electric 
(magnetic) form factor represents the charge (magnetization) density distribution. In this way, we can 
visualize the spatial structure of the nucleon with the electromagnetic probe. 

Before going to A(1405), we should note that hadron resonances are unstable and decay via strong 



interaction. We have already seen a consequence of the resonance nature of A (1405) in Section 4.2 where 
the coupling constant gi is obtained as a complex number. In the same way, for a resonance state, its 
form factors and mean squared radii have finite imaginary parts, whose physical interpretation is not 
straightforward. To start with, we should establish a reasonable definition of the form factors for an 
unstable particle. The detailed account on the generalization of the form factors to a resonance state 
is given in Ref. [16J where the form factor reduces to the ordinary one for the stable particle (50) when 
the width of the resonance vanishes. 



To evaluate the form factors, we consider two diagrams shown in Fig. 12. In Section 3.6, we have 



discussed that the resonance state can be expressed as the pole singularity of the scattering amplitude 
in the second Riemann sheet of the complex energy plane. When the energy z is chosen at the pole 
position zr = Mr — iTr/2, we obtain the pole term contribution as 



TM)\ ^ 



9i9j 

Z~ Zr 



(51) 



which corresponds to the diagram shown in the left panel of Fig. 12 Next we consider the meson-baryon 
scattering amplitude to which an external photon is coupled as an analogy with Eq. (50). We denote 
this amplitude as T 7 y, whose most singular structure at the pole position is given by 



I\ij(z , Z ) Q 



>z R ,z'^>z R 



-9i 



1 



Zr 



-F(Q 2 



1 



zr 



9j, 



(52) 
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Figure 13: Feynman diagrams for the current coupled meson-baryon amplitude T^j. Figures 
are taken from Ref. [15] . 



where z = V P 2 and z' = y P' 2 . This corresponds to the diagram shown in the right panel of Fig. 12 It 



is shown that the photon-resonance vertex is given by the form factor F(Q 2 ) [16]. Combining Eqs. (51) 



and (52), we can extract the form factor as 
(z'-z R )T^(z f , z; Q 2 ) 



Tij(z) 



(53) 

z^z R ,z'^z R 



Since we have the meson-baryon amplitude 7y which describes A (1405) microscopically well in the 
chiral unitary approach, our task is to calculate the current- coupled scattering amplitude T 7 ^-. 

In general, gauge invariance of the amplitude is the most fundamental constraint for the process 
including gauge fields. Gauge invariance in the resummation framework like the chiral unitary approach 
was studied in Ref. |185j . Out of ten types of diagrams discussed in Ref. |185j . we pick up the three 



diagrams shown in Fig. 13 for T lir j, which are relevant to the evaluation of the form factor in Eq. (53), 
because these diagrams have double-pole singularity of the resonance. In these diagrams, the photon 
field is attached to the constituent mesons, baryons and vertices. These photon vertices are straight- 
forwardly given by the minimal coupling scheme together with the anomalous magnetic couplings in 
chiral perturbation theory 12 Therefore, in this way, the internal structure of A(1405) can be probed by 
the external current in the chiral unitary approach. 

We calculate the T 7 ^ amplitude in the Breit frame and evaluate the form factors by Eq. (53). The 
density distributions are obtained through Fourier transformation [16J. Here we discuss the higher 
energy pole of A(1405) since it gives the dominant contribution to the KN amplitude. The electric 
density distribution indicates that the positive (negative) charge is distributed in the inward (outward) 
region of A(1405). This can be understood as the existence of the lighter K~ in the peripheral region 
with the heavier proton at the central core. In addition, the decay of A(1405) into 7rS channel through 
the photon coupling is expressed by the characteristic oscillation pattern in the density distribution. 

The size of A (1405) can be estimated by the electric and magnetic mean squared radii [16] 

(r 2 ) E = -0.157 + 0.238? fm 2 , (r 2 ) M = 1.138 - 0.343i fm 2 . 

As a representative chargeless three-quark state, we consider the neutron which has (t 2 )e ~ —0.12 fm 2 
and (r 2 ) M ~ 0.66 fm 2 . The absolute values \(r 2 ) E \ ~ 0.29 fm 2 and |(r 2 ) A /| ~ 1.19 fm 2 for A(1405) 
are about two times larger than those of the neutron. This result is consistent with the meson-baryon 
molecular picture of A(1405), rather than the three-quark structure which is presumably a compact 

12 To keep gauge invariance, the minimal coupling for the meson-baryon vertices should be carefully derived according 



to the s-wave part of the interaction (15) which is used to calculate the meson-baryon amplitude [TSl I16| . 
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object. By assigning appropriate charges for mesons and baryons, we can construct external currents 
which probe the baryon number and strangeness of the system. The analysis with the baryon number 
and strangeness currents reinforces the meson-baryon molecular structure of A (1405). 

To gain physical insight into the obtained form factors, a single-channel model with a bound state is 
also studied. In the case of the bound state, the form factors are obtained as real numbers. The mean 
squared distance is calculated as a function of the binding energy Be- The result for small Be is in 
good agreement with the behavior expected from the nonrelativistic quantum mechanics for a weakly 
binding system, (x 2 )nr ~ l/4:fiB E with /i being the reduced mass. This result supports that the present 
definition of the form factors (53) indeed reflects the size of the particle. 



4.7 Application of chiral unitary approach to other systems 



Since the chiral interaction given in Section |3.3| dictates the dynamics of other strangeness sectors, 
they can be studied by the same technique. In the S = sector, experimental data is available from 
the ttN scattering which contains two Sn resonances, iV(1535) and iV(1650). The iV(1535) resonance 
was studied using the pseudo potential approach |186j . The 5 = scattering amplitude, including the 
iV(1650) resonances, was further studied in the chiral unitary model [163] and in the relativistic BS 
equation |187j . In spite of the absence of the explicit three-body tctcN channel, the description of the 
phase shift and cross sections was excellent. In Refs. [164} [165], the S = and S — — 1 sectors were 
studied together, from the viewpoint of the flavor SU(3) breaking effect. One of the motivations of this 
study was the large difference in the values of the subtraction constants in the S = and S = —1 



sectors in Refs. |137[ 1163] . This point is related to the origin of resonances as shown in Section 3.6 
The p-wave contribution in the KN scattering was discussed by introducing an explicit pole term for 
£(1385) in Ref. |143j . Turning to the S = —2 meson-baryon scattering, there is no experimental data. 
It was however shown in Ref. [188] that a S resonance was generated around 1.6 GeV with the natural 
magnitude of the subtraction constants suggested in Ref. [9]. Based on this result, Ref. |188] argued 
that the quantum number of the observed H(1620) state was l/2~. In this way, chiral unitary approach 
generates the low-lying negative parity baryon resonances in S — 0, S — — 1, and S = —2 sectors. The 
SU(3) extrapolation of all these states was performed in Ref. [189] with the investigation of the quark 
mass dependence. 

Since the WT interaction is universal for the low energy NG boson scattering, the target hadron is 
not restricted to the octet baryons. In fact, the scattering of the NG boson off the NG boson has been 
studied by the similar philosophy with the chiral unitary approach [83, 84, |S51 1129] . One of the most 
elaborate works showed that the scalar meson nonet (a, k, fo, clq) and the vector mesons (p, K*,<p) were 
generated in the s-wave and p-wave nonperturbative amplitudes, respectively [190, 191]. This result 
however does not directly indicate that all these mesons have the mesonic molecular structure, since the 
seed of vector mesons can be hidden in the low energy constant of the NLO terms in chiral perturbation 
theory [136]. Baryon resonances with J p = 3/2~ can be described, by choosing the decuplet baryons 
as target hadrons. In Ref. [192] . the resonances were identified by the peak of the speed plot, and the 
pole positions were searched for in Ref. [193]. In contrast to the cases mentioned above, the decuplet 
baryons have finite widths by the strong interaction, and the 3/2~ resonance can also couple to the 
d-wave scattering states of the NG boson (0~) and the ground state baryon (l/2~). These effects may 
be important for the quantitative discussion of the specific resonance ]194] [195]. In the same way, the 
axial vector meson resonances were studied in the NG boson scattering off the vector mesons by the 
speed plot [196] and by the pole position [197] . In the heavy quark sector, heavy baryons [198] and 
heavy mesons [199] were searched for in the speed plot by regarding the ground state heavy hadrons as 
target. We summarize the resonances obtained in a series of works mentioned above in Table [3] 

In addition to the reproduction of these resonances, various new states are predicted by the same 
mechanism. It is also instructive to notice the absence of the manifestly exotic states which require 
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Table 3: Hadron resonances described in chiral unitary approaches. The results from typ- 
ical works are shown. Note that different works prefer different assignments of physical 
resona nces. 



Target 


Ref. 


J p 


Resonances 


J p = 1/2+8 baryon 




1/2- 


A(1405), A(1650), A(1535), A(1670) 
£(1620), 2(1620) 


J p = 3/2+ 10 baryon 


[193J 


3/2" 


A(1520), £(1670), £(1940), 
iV(1520), 2(1820), fi(2250) 


heavy 3, 6 baryon 


|198] 


1/2" 


A c (2595), A c (2880), H c (2790) 


J p = 0~ meson 


Uau 


0+ 
1" 


<r(600), k(900), /o(980), a (980) 
p(770), K*(892), 0(1020) 


J p = 1~ meson 


Hag 


1+ 


6i(1235), /ii(1170), fei(1380), 
ai(1260), /i(1285), #i(1270) 


heavy 3 meson 


[199] 


0+ 


£> s (2317) 



more than three valence quarks. Actually, there were some attempts to search for the exotic states 
in the chiral unitary approach |198l [199, 200J but the possible signal was not clear and very sensitive 
to the input parameters. The difficulty of generating exotic hadrons can be traced back to the group 
theoretical structure of the Weinberg- Tomozawa interaction |108[ 1109] . For a general target hadron 



with SU(3) representation T, the coupling strength (16) in the SU(3) basis is given by 



C a = C 2 (T)-C 2 (a) + 3, (54) 

where a is the representation of the combined channel and hence of the resonance state. In our con- 
vention, positive (negative) sign of C a corresponds to the attractive (repulsive) interaction. An exotic 
hadron in general belongs to a larger SU(3) multiplet a than the ordinary hadrons. Considering the 



Casimir factor (^(a) has negative sign in Eq. (54), we notice that the exotic channel is less advantageous 
to have an attractive interaction than the ordinary channels. To pursue this idea quantitatively, we 
should specify the exotic channel in which a is more exotic than T. For this purpose, the "exoticness" 
quantum number E is introduced as the number of valence quark-antiquark pairs to compose the given 
flavor multiplet a = [p, q] with the baryon number B, which is given by [108] 1109] 

We define the exotic channel such that the exoticness of a is larger than the exoticness of T. It is group 
theoretically shown that the interaction strength in the exotic channel is in most cases repulsive, and 
attractive interaction is only possible for the value 

n — i 

^exotic 

This strength was shown to be not strong enough to generate a bound state |108[ 1109] . Thus, it is 
difficult to generate the exotic hadrons in chiral dynamics. 

We have reviewed the studies of resonances based on chiral SU(3) symmetry which are directly 
related to A(1405). In closing, we would like to mention recent extensions of the chiral unitary approach 
to other sectors, with the replacement of the NG bosons by vector mesons [20 Q 12021 1203[ 1204] and by 
heavy mesons |205] 1206(1155] . Strictly speaking, these sectors are not related to chiral symmetry of QCD, 
so the Weinberg- Tomozawa theorem cannot be applied. It is however possible to consider the vector- 
meson exchange mechanism as the physics behind the fundamental interaction. In this case, hidden 
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local symmetry and flavor SU(4) symmetry lead to the similar structure of the interaction kernel with 
the chiral unitary approach, and these sectors are actively investigated by the same methodology. In 
addition, resonances in the three-body scattering has been studied using the Faddeev equation with 
chiral interaction [207] . These works and subsequent studies have brought an interesting new perspective 
to hadron spectroscopy. 



5 A(1405) in nuclear systems 

One of the central results in the previous section is that the structure of A (1405) is dominated by 
the meson-baryon molecular component in the KN-nY, coupled system. This conclusion indicates the 
important influence of A(1405) to the KN interaction which is the fundamental building block to study 
the property of K in various many-body systems. The investigation of the antikaon nuclear systems (K 
nuclei) is one of the topical issues in strangeness nuclear physics. The property of A(1405) in nuclear 
matter may be also important for the possible kaon condensation in deep interior of neutron stars. It is 
natural that the attractive KN interaction generates the bound K nuclei, but the width of the bound 
states can be large due to strong absorption of K by nucleons. This provides difficulties for direct 
experimental identifications of K bound states in nuclei. Thus, to start with, the simpler few-body 
systems should be studied using the two-body KN interaction. Recently, few-body hadron systems 
with kaons are considered as candidates of hadronic molecular states which are self-bound systems of 
hadrons by inter-hadron forces. In fact, A (1405) itself is one of the examples of the hadronic molecules, 
as discussed in the previous section. This perception will help to understand more complicated many- 
body systems. 

In this section, we first derive effective KN interactions by incorporating the 7rE dynamics. The 



strength of the interaction is related with the pole structure of A (1405) discussed in Section 4.2[ Next, 
we will review the present status of the KNN-irIlN system as one of the examples of A(1405) in 
few-body nuclear systems. A variational calculation shows the peculiar structure of the quasi-bound 
state. Then we introduce the concept of the hadronic molecular state and discuss the kaonic three-body 
systems along this line. We also emphasize the unique feature of the antikaon in the hadronic few-body 
systems. Finally, we discuss A (1405) in nuclear matter and the related topics for the K in medium. 



5.1 Effective KN interaction 

To study the property of the K in few-body systems, it is useful to construct an effective single-channel 
KN interaction by incorporating the dynamics of the other coupled channels. In addition, variational 
approach for rigorous few-body calculation favors the interaction in the nonrelativistic potential form. 
For instance, Ref. p08j constructed an energy-independent single- channel KN potential, motivated by 
the phenomenological interaction of Ref. [18] in KN and 7rS channels. The single-channel potential was 
then used to study the KNN system. Similarly, in the framework of the chiral unitary approach, an 
effective KN potential was derived in Ref. [19]. The potential is not only useful for the application to 
the few-body systems, but also relevant to understand the property of the KN interaction along with 
the subthreshold extrapolation. In this section we demonstrate the construction of the effective KN 
potential based on the chiral unitary approach and discuss the relevance of the pole position of A (1405) 
to the interaction strength. 



We start from the scattering equation (25) which is given in a matrix form as 



Tij =Vij + V ik G k T kj . (55) 

The meson-baryon channels are assigned as KN, 7rS, r)N and K"E with 1 = for % = 1, . . . , 4. Our aim 
is to construct an effective kernel interaction V eS such that the full scattering amplitude in channel 1 
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(Tn) is obtained by solving the single-channel scattering equation as 



T u = T cS =V eS + V eS GiT eS . 



(56) 



Consistency with the full amplitude (55) requires the form of V as 

V eS =V n + V 1: 



'li, 



Vll — VlmGmVml + Vj m G m T^ GjVj 

m=2 m,/=2 
4 

^N^ + ^KnfcGfcT^, m,Z = 2,3,4, 



(57) 
(58) 



fc=2 



where Vn is the bare interaction in channel 1 and Vn is the contribution from other channels 2-4 which 
consists of the iteration of the loop diagrams to all orders. As far as the two-body KN scattering 



amplitude is concerned, the single- channel approach (56) with the effective interaction (57) is exactly 



equivalent to the original coupled-channel framework of Eq. (55). 



As discussed in Section |3.3[ the bare KN interaction V\\ is given by the tree-level amplitude so it 
is a real-valued function of the energy W. On the other hand, Vn contains the loop function G^ which 
has an imaginary part when the energy is higher than the threshold of channel i. This means that the 
effective interaction V eS becomes complex when one incorporates the channel which has its threshold 
at lower energy in Eq. (58). The imaginary part of the effective interaction represents the transition 



processes to the open channels. In the present case, the threshold of the 7rS channel is lower than that 
of the KN channel, so the inclusion of the 7rS channel generates the imaginary part of the effective 
interaction for energies higher than the 7rE threshold. It was found in Ref. [TS] that the inclusion of the 
7rS channel enhances attractively the real part of the effective interaction for energies between the 7rS 
and KN thresholds, but the enhancement is small in magnitude in comparison with the bare strength of 
Vii. The primary effect of the 7rE coupled channel inclusion is to give further energy dependence to the 



effective interaction on top of the linear dependence in W of the Weinberg- Tomozawa interaction (15). 



It was also found that the inclusion of the other coupled channels (77A and KE) has only minor effects 
in the energy region below the KN threshold. This indicates that the physics of A(1405) and the 
subthreshold KN interaction can be well described by the KN and 7rE channels. 



The channel reduction (57) leads to the energy-dependent and nonlocal interaction V eS in the KN 



channel. To produce a useful input for few-body calculations, we convert the effective interaction into 
an equivalent local potential U(r, E) in nonrelativistic quantum mechanics. The Schrodinger equation 
for the radial wave function u(r) is (with h = 1) 



1 d 2 u(r) 
2fi dr 2 



+ U(r,E)u(r) =Eu(r) 



(59) 



where the reduced mass is fi — M^mxjiM^ + nix) and the nonrelativistic energy is given by E = 
W — Mn — tjik- The energy dependence of the potential should be treated self-consistently. As explained 
in detail in Ref. [19], the local potential U(r, E) has been constructed from V eG such that the scattering 



amplitude in chiral unitary approach is reproduced by Eq. (59). This is not an exact transformation 



since it is not guaranteed that a simple local potential can reproduce the complicated coupled-channel 
dynamics. Nevertheless, it is possible to construct a complex and energy-dependent KN potential with 
the gaussian form of the spatial distribution, which well reproduces the coupled-channel results in the 
KN channel. 



By definition, the effective interaction (57) [the equivalent local potential U(r,E)\ reproduces the 



KN — > KN amplitude in the single-channel scattering equation (]56|) [Schrodinger equation (59)]. We 
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Table 4: Summary of theoretical studies on the KNN-irYiN system. We denote the mass of 
the states as the "binding energy" B^ NN measured from the KNN threshold. T m represents 
the width of the mesonic decay into ir'EN and 7rAiV channels. Ref. |216j found additional 
state with B = 67-89 MeV and T m = 244-320 MeV. 
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argue in Section 4J2 that the resonance peak position in the KN — > KN amplitude is observed around 
1420 MeV, as a consequence of the double-pole structure. This peak position is higher than the nominal 
value of 1405 MeV. If we interpret the resonance peak position as the "binding energy" measured from 
the KN threshold (~ 1435 MeV), we obtain ~ 15 MeV in chiral unitary approach. This is in contrast 
to the phenomenological potential in Ref. [TB] which is constructed to generate a bound state with a 
binding energy ~ 30 MeV. This difference of the binding energies leads to the weaker strength of the 
single-channel effective KN interaction in chiral unitary approach. In this case, strong 7rS correlation 
supplies an additional attraction to the KN quasi-bound state to reproduce the A(1405) peak in the 
7rS spectrum. In addition, energy dependence of the interaction is important to account for the correct 
behavior of the imaginary part of the amplitude which should vanish below the threshold of the lowest 
energy channel. As a consequence of the difference of the 7rS diagonal interaction and the energy 
dependence of the potential, the deviation of the KN — > KN amplitude in the chiral potential from 
that in the single-channel phenomenological potential becomes large at lower energy region, although 
they agree with each other around the KN threshold. In a recent version of the phenomenological 
potential |209] , the 7rE diagonal coupling is included, while the pole position of A(1405) is kept fixed. 
The subthreshold extrapolation of the coupled-channel amplitude is found to be similar to that in the 
chiral unitary approach with an energy independent potential, if the pole position is set to be the nominal 
value |152j . In this respect, determination of the threshold quantities of the 7rE channel [153] 1154] are 
highly demanded to reduce the uncertainty of the subthreshold extrapolation of the KN interaction. 



5.2 A(1405) in few-body nuclear systems 

The idea of A(1405) as a KN quasi-bound state was developed to propose a KNN three-body quasi- 
bound state in Ref. [17] and with a modern approach in Ref. [18]. Recent theoretical investigations of 
the KNN system with 1=1/2 has been studied in various theoretical approaches [210} 1211] 1208] 1212] 
I2T31 12T41 12T51 [2"TB] as summarized in Table Q We find that the KNN system is bound below the KNN 
break-up threshold with a large width in spite of quantitative discrepancy among theoretical predictions. 
These works rigorously solve the three-body problem, adopting the KN and NN interactions which 
are constrained by experimental data. The theoretical models can be characterized by the choice of the 
KN interaction and the method to solve the three-body system. The KN interactions can be divided 
into two classes: those constructed phenomenologically [210] 1211] 1208] and those derived from chiral low 
energy theorem [2121 12141 1215] 1213] 1216] . The chiral interaction can be further classified in terms of the 
treatment of the energy dependence. The few-body calculation is performed by either the variational 
approach [2081 [2HI EI5] or the Faddeev approach EEH EES EE31 EES] . In the variational approach, 
it is easy to extract the structure of the bound state from the obtained wavefunction, but the dynamics 
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of the 7rSiV is only effectively incorporated in the imaginary part of the KN interaction. Faddeev 
approach, on the other hand, can treat the 7r£iV channel explicitly, but the separable form factors are 
introduced to make the problem tractable. In view of these results, it is clear that the KNN system 
forms a quasi-bound state. Yet the quantitative estimation of the binding energy and the width has 
not converged. The discrepancy is partly due to the different treatment of the interaction and few-body 
technique, but the main reason stems from the lack of information of the KN interaction far below the 
threshold [152] . 

The investigation of the KNN system in Refs. [2141 1215] uses the effective KN interaction derived 
in Section |5~T together with the realistic NN interaction with repulsive core. The binding energy is 
small compared with the other works, due to the weaker attraction of the effective KN potential. As 
discussed in Section 5.1 chiral symmetry requires the strong 7rE dynamics, and the attractive force to 
form A(1405) is divided into the KN and 7rS channels. As a consequence, the allotment of the KN 
attraction is reduced. A similar conclusion was drawn using the Faddeev equation with fixed center 
approximation [217] . The obtained wavefunction shows that the mean distance of two nucleons (K and 
a nucleon) in this system is about 2.1-2.2 fm (1.8-2.0 fm). The bound state has a smaller size than 
the deuteron, but the mean distance is comparable with the distance between two nucleons at normal 
nuclear density. This result shows that the KNN system can exist as a hadronic molecular structure. 

An interesting observation was given in Ref. [216J where the coupled-channel Faddeev calculation 
of the KNN-kYjN system was performed with the energy dependence of the chiral interaction. In this 
case, the KN-tt'E amplitude has two poles as described in Section 4.2, and it is found that the solution 
of the three-body equation also has two poles. One pole appears at higher energy with narrow width, 
and the other locates at lower energy and with broad width more than 200 MeV. The higher energy 
pole of the three-body system is close to the result in the variational approach [214| I215j . This work 
suggests the possibility of the double-pole structure in the three-body KNN-itTjN system. 

There have been several experimental hints on this issue. A peak structure in the AN spectrum was 
observed in the stopped K~ reactions with nuclear targets by FINUDA collaboration at DA$NE and 
was claimed to be an evidence for the dibaryon (KNN) system [218] . The mass of the peak locates 
below the 7r£iV threshold. When measured from the KNN threshold, the central value of the peak 
position corresponds to the binding energy of about B — 115 MeV and the width of T = 67 MeV, 
but the interpretation of the peak is not clear [219] . Another signal was found by the reanalysis of the 
DISTO experiment at Saclay [220J. In the pp — > K + Ap reaction at 2.85 GeV, a broad peak of the Ap 
spectrum was found when the final proton has high transverse momentum. The observed peak is at 
M = 2267 MeV which corresponds to B = 103 MeV. The width is given as T = 118 MeV. The same 
reaction but with lower incident energy of 2.50 GeV was studied in Ref. [221] . The peak was not found 
in this lower energy data, which could be interpreted as the dominance of the A (1405) doorway process 
for the production of the peak structure at 2.85 GeV. The investigation for the KNN bound state will 
be further explored through K~ incident reactions by E15 experiment at J-PARC [222] . AMADEUS 
project at DA$NE [223] . ir incident reaction by E27 experiment at J-PARC [224] . and through pp 
collisions at higher energy by FOPI collaboration at GSI [225J. 

Experimental studies for narrow tribaryon systems (K and three nucleons) in the missing mass 
spectroscopy of the stopped K~ at KEK were reported and a signal for the tribaryon states was 
found |226[ 1227] . However, the new experiment of the same reaction with higher statistics found no 
significant structure [228] . Some appreciable strength of the Ad correlation was also reported 



(see also discussion in Ref. [231] ). In any event, the precise knowledge of two- and three-nucleon 
absorption process of the antikaon is important to extract the possible signal of the K nuclei in the 
stopped K~ reaction [237)1 1232] . 

The signals found in FINUDA and DISTO experiments have strangeness S = —1 and baryon 
number B = 2, so the KNN bound state is one of the possible candidates. The interpretation is 
however not straightforward, since there are many open channels with the same quantum numbers as 
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Figure 14: Threshold energies of multihadron channels below the KNN threshold. A* and 
£* represent A(1405) (J p = l/2~) and £(1385) (J p = 3/2+), respectively. 



shown in Fig. 14 The peak of FINUDA (DISTO) experiment locates slightly below (on top of) the 
irUN threshold, so the substantial amount of the irT^N component should be expected. In addition, 
because the decay into the ttSA^ channel is kinematically forbidden, the width of about 100 MeV should 
be attributed to the decay into two-body YN final states and the 7rAA" final state. 

Careful theoretical analyses are necessary to interpret the observed peak structure in FINUDA and 
DISTO experiments. All the calculations in Table [4] did not explicitly include the two-body channels 
such as AA" where signals in FINUDA and DISTO experiments were observed. The inclusion of the 
AA" channel is mandatory, in order to show how the bound state found in the few-body calculation 
affects the AA" spectrum. Although it is difficult to study the coupled-channel problem with different 
number of particles (such as KNN- AN), one promising approach was proposed in Ref. [233j as the 
"A*-hypernuclei" picture 13 There A(1405) is regarded as a fundamental degree of freedom, which may 
be supported by the observation in Refs. [208, 12141 1215] that the relative wavefunction of the KN pair 
in the KNN system is similar to the wavefunction of A(1405) in vacuum. In this approach, inclusion 
of the AA" channel is rather straightforward, once the appropriate transition potential is given as in 
Ref. [235]. A two-body A* A" system was studied by constructing the A* A" potential based on chiral 
unitary approach [236J. The bound state was found in spin S = channel in accordance with the 
few-body KNN-tt'EN calculation, with a small binding energy as in the case of the energy-dependent 
chiral interaction |216j . 



5.3 Hadronic molecular states with kaons 

The A (1405) resonance as a dynamically generated state in the KN system can be a building-block of K 
nuclear few-body systems. This is based on the fact that the binding energy (10 ~ 30 MeV) of the KN 
quasi-bound state is not so large in comparison with typical hadron energy scale^J In other words, the 
kaon kinetic energy in the KN bound system is much smaller than the kaon mass. Such quasi-bound 
states are called as hadronic molecular states. The basic feature of the hadronic molecular state is that 
it is a (quasi)-bound state composed of hadronic constituents with keeping their identity as they are in 
isolated systems and appears just below the threshold of break-up into the constituent hadrons. Driving 
force to make hadronic molecular states is hadronic interaction rather than inter-quark dynamics and 

13 The word A*-hypernuclei has been used in an earlier work |234| to refer to the K nuclei. 

14 It is also interesting to mention that the KN binding energy is much larger than the NN bound state (deuteron). 
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Figure 15: Family of kaonic few-body states. 



confinement force. Consequently, inter-hadron distances inside the hadronic molecular states are larger 
than the typical size of the low-lying hadrons which may be characterized by the quark confinement 
range. Well known examples of the hadronic molecules are the nuclei (hypernuclei) which are the 
composite systems of protons and neutrons (and A). For hadronic molecular states, pion has a too light 
mass to form bound states with other hadrons by hadronic interaction, since the pion kinetic energy 
in the hadronic confined system overcomes attractive potential energy. In contrast, various hadronic 
molecules are expected in the heavy quark sector, such as the X(3872) as a DD* bound state [237, 238J, 
DN bound state [239], and A C N bound state jM)] . 

The anti-kaon K has another interesting feature. The strength of the Weinberg- Tomozawa interac- 
tion, which is the driving force to generate s-wave hadronic molecular systems, is given by the flavor 
SU(3) symmetry in which K and N are classified into the same state vector in the octet representation. 
Therefore, considering also that K and N have a similarly heavy mass, one finds that the fundamental 
interactions in s wave are very similar in the KK and KN channel. In fact, the scalar meson /o(980) 
could be explained by the KK quasi-bound state |241[ [242J , and it can be dynamically generated in 
the KK-ttit coupled system also with the chiral unitary model, as A(1405) is, and its pole appears 
around the KK threshold |191l I122j . Consequently in the KN and KK channels with 1 = 0, there 
are quasi-bound states of KK and KN with a dozen MeV binding energy. This similarity between K 
and N is responsible for systematics of three-body kaonic systems, KNN, KKN, KKN and KKK, 



as shown in Fig. [15| It is also important to emphasize that the K few-body systems have unavoidably 
larger widths due to K absorptions into pionic and nonmesonic modes. This is a large difference from 
the fermionic nuclear systems. 

The KKN system was investigated in Ref. [20] first with a variational calculation of the three-body 
Schrodinger equation with an effective potential in which the scalar mesons /o(980) and ao(980) are 
reproduced as quasi-bound states of KK. The model is based on the two-body effective potential of 



the KN system discussed in Section |5.1| and the range parameter of the KK interaction was chosen 
to be the same. This calculation treats the KKN single channel and minimal coupled-channel effects 
are introduced as the imaginary parts of the effective potentials which represent transition to the open 
channels, (re A, 7rS) for KN and (titt, ttt]) for KK. In this calculation, a quasi-bound state with 1 = 1/2 
and J p = l/2 + , which has the same quantum number as excited nucleon (N*), was found with a 
mass 1910 MeV and a width 90 MeV below all of the meson-baryon decay threshold energies of the 
A(1405) + K, / (980) + N and ao(980) + N states. This quasi-bound state was confirmed also by more 
sophisticated three-body calculations of the KKN-ttttN-tittN coupled channels [243] and the KKN- 
K-kYj-Kh A channels |244] . These calculations were based on a relativistic Faddeev approach developed 
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Figure 16: Schematic structure of the KKN quasi-bound state with the inter-hadron distances. 



in Ref. [207] , in which two-body interactions are calculated in the chiral unitary approach. It was 
also found in the Faddeev approach [244] that this quasi-bound state can be essentially described by 
the KKN single channel and the rest of the channels are less relevant for the formation of the quasi- 
bound state. The KKN state was found also in a fixed center approximation of three-body Faddeev 
calculation [245] . A discussion on experimental observation of this N* can be found in Ref. [246J. 

The KKN quasi-bound state is a loosely bound system having a 20 MeV binding energy. It was 
found in Ref. [20] using the nonrelativistic potential model that the quasi-bound state has a spatially 
larger size than typical baryon resonances by showing that the root mean squared radius is as large 
as 1.7 fm, which is larger than the radius of the 4 He nucleus. The inter-hadron distances were also 
calculated as 2.1 fm, 2.3 fm and 2.8 fm for the KN, KK and KN subsystems, respectively. These 
values are comparable with the inter-nucleon distance in the normal nuclei as in the case of the KNN 
system [2141 1215] . It is also interesting that the values of the KN and KK distances are very similar to 
those of the inter-hadron distance in the quasi-bound states formed in the isolated two-body systems, 
and that the KN distance is larger than the others due to the KN repulsive interaction. This indicates 
that two subsystems, KN and KK, are as loosely bound in the three-body system as they are in two- 
body system. For the isospin configuration of the KKN state, it was found that the KN subsystem 
has a dominant 1 = component thanks to the A(1405) resonance in the KN subsystem. The KK 
subsystem has dominant contribution from the 1 = 1 configuration, because, in both 1 = and 1 = 1 
channels, KK has attraction with very similar strength enough to provide the quasi-bound KK states 
at almost the same positions, and the 1 = 1 configuration of KK is favorable to have total isospin 
1/2 for the KKN with the KN subsystem with 1 = 0. From the above discussions of the spatial and 
isospin structure, it was concluded [20] that the KKN state can be understood by the structure of 



simultaneous coexistence of A(1405) and ao(980) clusters as shown in Fig. 16 This does not mean that 
it would be described as superposition of the A(1405) + K and a (980) + N wavefunctions, because they 
are not orthogonal to each other. The probabilities for the KKN system to have these states are 90%. 
It means that K is shared by both A(1405) and ao at the same time. 

The KKN system with J p = (l/2) + and 1 = 1/2 also develops a bound state around 1.93 GeV as 
a H* resonance and the binding energy from the A(1405) + K threshold was found to be as small as a 
few MeV due to the strong repulsion KK with 1 = 1 [247] . In the KKN system with / = 1/2, once 
A(1405) forms in a KN pair with 1 = 0, another KN should have dominantly the 1 = 1 configuration. 
This channel has weak attraction, but it is not enough to compensate the repulsive KK interaction. 
Therefore, the KKN system is very weak binding. 

The KKK system with 1=1/2 and J p = 0~, being quantum number of an excited state of kaon, 
was studied in two-body foK and a^K dynamics [248] , in the three-body Faddeev calculation [249] and 
in the non-relativistic potential model [249] . Experimentally, Particle Data Group tells that there is a 
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excited kaon around 1460 MeV observed in Ktytt partial-wave analysis, although it is omitted from the 
summary table. In Ref. |248] . effective interactions between kaon and the fo and ao scalar mesons were 
derived and by solving the two-body foK and a§K coupled channels problem with these interactions a 
resonance was found at around 1460 MeV. In Ref. |249j . the three-body Faddeev calculation based on 
Ref. |207] was performed in the three-body coupled- channels of KKK, Kirn and Km] and a similar 
resonance state was found at 1420 MeV, while the potential model suggested a quasi-bound state with 
a binding energy 20 MeV, or a 1467 MeV mass. This state is essentially described by the KKK single 
channel and its configuration is found to be mostly foK. In the potential model, the internal structure 
of the KKK quasi-bound state was calculated and it was found that the root mean-squared radius is as 
large as 1.6 fm, and the inter-hadron distances of K-K and (KK)-K are 2.8 fm and 1.7 fm, respectively. 
The K-K distance is larger due to the repulsive interaction. The distances of K 2 -K and Ki-(K 2 K) 
before performing symmetrization of two K's were also calculated and found to be 1.6 fm and 2.6 fm. 
The K 2 -K distance is very similar with the KK distance of the isolated / (980) quasi-bound state. 

It is important to emphasize a significant role of the repulsive configurations in the quasi-bound 
systems of KKN and KKK which are essential for the hadronic molecular state to be described by 
hadronic degrees of freedom. The repulsive interactions ensure such a loosely bound system that the 
constituent hadrons are separated well and keep their identities inside the bound state. For deeply 
bound states, such as states bound by hundreds MeV, the constituent hadrons come close and may be 
overlapped. In such a case, the hadronic molecular picture may be broken down and quark degrees 
of freedom should be essentially taken into account. In the present KKN and KKK systems, the 
repulsive interactions in KK and KN with 1 = 1 make the KKN and KKK systems loosely bound 
with moderate binding energies. When taking as strong artificial attraction for KK and KN as KK 
and KN, one obtains very deeply bound states with hundreds MeV binding energies [249J. Therefore 
for the realization of the hadronic molecular state near the break-up threshold, one of the pairs should 
have a repulsive interaction or, at least, sufficiently weak attraction. 

5.4 A(1405) in nuclear matter 

Kaon is one of the Nambu-Goldstone bosons associated with spontaneous breaking of chiral symmetry. 
Although the connection of the in-medium properties of kaon to the fate of the SU(3)/j x SU(3)l chiral 
symmetry in nuclear medium is not clear due to the heavy strange quark mass, in-medium properties of 
kaons are very interesting issues both theoretically and experimentally, giving fundamental information 
of kaon condensation in highly dense matter [250] . Here we concentrate on the discussion of A(1405) in 
nuclear medium. For the detailed discussion on the K in nuclear medium, for instance, see Refs. |251j . 

The A (1405) resonance existing in the KN subthreshold plays an important role for the K properties 
in nuclear matter. The importance was pointed out in the study of kaonic atoms, in which the K~ 
absorption process is strongly influenced by the presence of the A (1405) resonance in the K~p channel, 
because the K~p energies available for absorption are close to the resonance energy due to nucleon 
binding energy in nuclei and K~ captures take place selectively by a proton thanks to the 1 = 
resonance |252[ I253[ 1254] . The repulsive K~p scattering length in free space, despite the attractive 
effective K~p scattering lengths in nuclei deduced from kaonic atom data, is also explained by the 
presence of the A(1405) resonance below the KN threshold. 

In Ref. [255J, an explicit A(1405) contribution was taken into account in the calculation of the K~ 
optical potential in nuclei by considering an intermediate A (1405) (particle) - proton (hole) state into 
the kaon self-energy together with a nonresonant background part. In the A(1405)-hole state, the proton 
was considered to be bound in nuclei, and the mass, width and coupling to K~p of A(1405) were fixed in 
free space. A parameter for the A(1405) mass shift in nuclei was also introduced and determined so as to 
reproduce the observed level shifts and widths of kaonic atom states in 12 C and 32 S nuclei, and the mass 
shift was found phenomenologically to be of the order of 20 MeV upward in relevant densities for kaon- 
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nucleus dynamics in atomic states, which is confined to the nuclear surface. Many-body corrections to 
the A(1405) propagation were estimated by calculating the in-medium A(1405) self-energy coming from 
a 7rS loop with pion rescattering |256] and KN loops with the Pauli blocking effect of the intermediate 
nucleons and kaon rescattering [257j. It was found that the Pauli blocking correction induced a repulsive 
mass shift being typically of the order of 30 MeV p57] and the rescattering effects gave a 10 MeV 
repulsive mass shift and an increase of the width by 20-30% over its free space value at the nuclear 
surface p ~ p /8 [256, 1257] . though quantitative estimates of the mass shift and width broadening 
were difficult due to lack of phenomenological inputs to fix unknown cut-off factors for the A (1405) 
couplings to KN and 7rS appearing in the rescattering diagrams. Along the line of discussion on kaon 
condensation |250] in dense nuclear matter, Ref. [258J also considered an explicit A(1405) contribution 
for the perturbative calculation of the in-medium kaon self-energy up to the next-to-next leading order 
(N 2 LO) in chiral effective Lagrangian approach, and it was found that A(1405)-nucleon interactions 
could be important to induce kaon condensation but the critical density is insensitive to the strengths 
of the A*-N interactions once the kaonic atom data are reproduced within the model. 

The first investigation of in-medium properties of a dynamically generated A (1405) in the KN- 
7rS coupled channels was performed in Ref. [259J. Dynamical description of A(1405) with its intrinsic 
structure enables us to perform microscopic calculations of nuclear medium corrections by following 
conventional many-body technique developed in nuclear physics. In the calculation of Ref. |259j . A(1405) 
was introduced as a quasi-bound state of KN induced by a separable potential of the s-wave KN and 
7rS interactions whose strengths were fixed by the SU(3) flavor symmetry of vector-meson exchange 
model [260J. The cut-off parameters in the form factors of the KN and 7rS couplings were determined 
phenomenologically so as to reproduce the scattering amplitude extracted by Martin in Ref. [48]. The 
medium effects were simply taken into account by the Pauli blocking which restricts the momentum of 
the intermediate nucleon propagation in the KN loops. It turned out that the KN bound state feels 
effectively a repulsive interaction by the truncation of momentum space due to the Pauli blocking effect, 
and consequently the mass of A (1405) is pushed up by 65 MeV at nuclear saturation density and the 
A(1405) width increases by about 20% simply because of the enlarged phase space available for the decay 
to 7rS. In Ref. [261], a similar calculation was done by using a more refined KN scattering amplitude 
in free space obtained in the coupled-channels approach for the six channels (K~p, K°n, 7r + S~, 7r°S°, 
7r~£ + , 7T°A) based on chiral effective Lagrangian, which reproduces available low energy data of K~p 
elastic and inelastic scattering, the K~p threshold blanching ratio and the A(1405) spectrum [7]. The 
medium corrections from Fermi motion and nucleon binding were included in addition to the Pauli 
blocking and found to give opposing effects. It was also pointed out that the presence of A(1405) just 
below the KN threshold in free space is responsible for the breakdown of the low density description 
for the K~ optical potential V opt oc o,k-nP at p ~ Po/10. 

The Pauli blocking effect in nuclear matter induces repulsive contribution to the mass of the KN 
quasi-bound state which pushes up A(1405) above the free K~p threshold [2591 12611 1262] . and at further 
higher density A(1405) could dissolve into the nuclear matter [2611 1263J. While the quasi-bound state 
feels repulsion as density increases, the K feels an enhanced attraction and its effective mass decreases 
in the nuclear medium |263j . This is because A(1405) is pushed up at higher density and does not give 
relevant influence to the KN interaction any more, and consequently the effective K mass is primarily 
determined by the leading attractive Weinberg- Tomozawa interaction p63j. With the large attraction 
in the in-medium K self-energy, the modification of the K propagation in nuclear medium should be 
incorporated in the calculation of the in-medium properties of A(1405). This self-consistent treatment 
was done in Ref. |264j . and it was found that the in-medium corrections on the K propagation affect 
the A(1405) mass downward in opposite to the Pauli blocking, and thus the in-medium A(1405) mass 
is determined by these two competing effects. After all, the A (1405) mass stays almost at its free space 
value with an increased decay width |264] . In Ref. |262j . medium corrections to the pion self-energy 
were also considered together with the Pauli blocking acting on the intermediate nucleon, mean-field 
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binding potential of the baryons and the K self-energy in the K propagation. It turned out that the 
inclusion of the dressing pions in the intermediate states enhances the in- medium A (1405) width further 
and A(1405) staying almost at its free space position tends to dissolves with increasing density [262J. 
The in-medium KN scattering amplitude obtained by the chiral unitary approach in these ways was 
applied for the calculation of the K~ optical potential for kaonic atoms, and with the optical potential 
the observed energy shifts and widths of kaonic atom states were successfully reproduced in a wide mass 
range [21)5] (see also Refs. |251j ). The nonmesonic decay of A(1405) in nuclear matter, A* A" — > YN was 
investigated with one- meson exchange model between A* and nucleon in Ref. [235], though the medium 
modification on A(1405) was not taken into account. This work was motivated by the finding that 
A(1405) keeps its properties in few-body systems and the A(1405) resonance can be a doorway state of 
K absorption to nuclear systems. It was turned out that, according to the SU(3) flavor relation of the 
meson-baryon couplings, the K (n) exchange is dominated in the A*N — > AN (A*N — » UN) transition, 
and thus the ratio of the transition rates of A* A" to A A" and Y>N is strongly sensitive to the A* coupling 
strengths to KN and 7rE. The partial decay width of A (1405) in the non-mesonic decay was found to 
be around 20 MeV at the nuclear saturation density. 

6 Conclusion and future perspective 

The understanding of A(1405) is an interesting and challenging subject in hadron physics after fifty years 
since its discovery. In this article, we have summarized the status of experimental and theoretical inves- 
tigations on the A(1405) resonance. Among others, we present a detailed introduction of chiral unitary 
approach as a successful and promising theoretical framework to describe A(1405). The meson-baryon 
scattering amplitude is formulated with the basic principles of hadron scattering: chiral symmetry of 
QCD for the low energy interaction and unitarity of the S-matrix. Excited baryons are described as 
pole singularities in the scattering amplitude, whose physical origins are discussed at length. 

The observables in S = — 1 meson-baryon scattering as well as the properties of the A(1405) reso- 
nance are well described in the chiral unitary approach. The structure of A(1405) has been studied from 
various aspects in the chiral unitary approach. It is shown that the A (1405) resonance is associated with 
two poles in the complex energy plane as a consequence of the two attractive components of the chiral 
low energy interaction. We summarize how the mass spectra of the 7rS channel in various reactions are 
reflected by the pole structure together with possible contamination which modifies the experimental 
spectra. We then focus on the internal structure of A(1405). Through the analysis of the renormaliza- 
tion procedure, we show that the possible seed of the resonance is hidden in the loop function which can 
be extracted by the use of the natural renormalization scheme. In the case of A(1405), such nontrivial 
contribution is found to be small at the energy region of the resonance, implying the dominance of the 
meson-baryon structure in A(1405). The analysis of the N c scaling shows that the three-quark compo- 
nent of A(1405) is small. The electromagnetic size of A(1405) turns out to be larger than the typical 
three-quark hadrons. All these findings consistently indicate the meson-baryon molecular structure of 
A(1405). We have also briefly reviewed the application of the chiral unitary approach to various hadron 
resonances in different flavor-spin sectors. 

Finally we have also discussed the properties of A (1405) in various environments, especially in 
few-body systems. Thanks to the KN quasi-bound component of A(1405), we expect further various 
hadronic molecular systems with kaons and nucleons systematically. This novel structure is driven by 
the two-sided nature of the antikaon; the K meson has the nature of the Nambu-Goldstone particle 
associated with the spontaneous breaking of chiral symmetry, which deduces s-wave attractions in KN 
and KK, but at the same time K is moderately heavy due to the strange quark mass. In the nuclear 
matter, A(1405) exhibits complicated dynamics due to the strong coupling to KN and 7rS channels. 
In summary, the large meson-baryon component in A(1405) is responsible for the peculiar features of 
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A(1405) in many-body systems. 

At present, there are several directions of studies of A(1405) to be pursued. In closing this paper, 
we summarize future perspectives below. 

• Exploration of the structure: It has been shown that A(1405) is dominated by meson-baryon 
molecular structure, based on several theoretical arguments. Although this is a reasonable and 
plausible scenario, it is important to examine this picture in experiments, by relating the internal 
structure with experimental observables. An attempt in this direction has been recently presented 
in Ref. [184] ; it is shown that the production yield of a particle in heavy ion collisions can be used 
to investigate its internal structure. It is also desirable to establish a model-independent and 
quantitative argument to assess the structure of resonances. For this purpose, compositeness of 
bound states defined in Refs. |132} 1135] may be used as a baseline of the discussion |242l 1266} 1267] . 

• Theoretical foundation of resonances: We have discussed that some quantities concerning A(1405), 
such as coupling constants and the form factors, are obtained as complex numbers in the dynamical 
framework. This is because A(1405) is not a stable particle but an unstable resonance state. In 
order to give an interpretation to these results, resonance states should be formulated on a firm 
theoretical ground. 

• Realistic KN-ttT, interaction: Quantitatively refined theoretical models for the KN-nY, ampli- 
tudes are essential both for the study of the structure of A (1405) and for the applications to the 
K few-body systems. One of the key quantities is the binding energy of the quasi-bound KN 
system (position of the higher energy pole), which is closely related to the KN scattering length 
and the 7rE mass spectrum. The present analysis can be systematically improved by including 
new experimental data and higher order terms of the chiral Lagrangian. Determination of the 7rE 
threshold behavior is also essential to constrain the KN-tcY, amplitude [152J. This allows one to 
extrapolate the amplitude down to the lower energy region. 

• Experiments and Lattice QCD: To pin down the property and structure of the A(1405) resonance, 
experimental studies are indispensable. As mentioned above, an urgent issue is to accumulate 
precise data of the KN scattering length and the irY spectrum. The interpretation of exper- 
imental results should be guided by theoretical investigations of the reaction mechanism such 
as Ref. [160J. In the longer term, the improvement of the cross sections of low energy K~p 
scattering and the threshold information of the irY channel will help the calibration of the the- 
oretical models. Experimental searches for the K few-body systems will also complement the 
constraints. Currently, direct application of the lattice QCD technique to the A(1405) resonance 
is no simple task. It is however becoming possible to extract the meson-baryon interaction in 
lattice QCD [269, 270, 268, 154J. This will assist the determination of the observables for which 
experimental studies are difficult. The experimental activities and lattice QCD simulations, to- 
gether with theoretical studies of the A(1405) resonance will open new paradigm for the hadron 
and nuclear physics. 
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A Conventions 

Here we summarize conventions of the theoretical formulation used in this article. The total cross 
section a at momentum q is given by the nonrelativistic scattering amplitude f(q, 6) as 

(7(9)= f dQ\f(q,6)\ 2 , 

where 9 is the scattering angle. The scattering amplitude can be decomposed into partial waves as 

/M) = ^(2Z + l)/^(cos0), 
i 

with the Legendre polynomials Pi(cos9). The total cross section is given as the sum of the contributions 
from partial waves due to the orthogonality of the Legendre polynomials. The s-wave amplitude gives 
the dominant contribution at low energy, so we obtain 

a(q) ~ 47r|/ z=0 (g)| 2 for q ->• 0. 

For the coupled-channel case, the cross section from channel j to % is given by the s-wave scattering 
amplitude as a function of the total energy E as 

a tJ (E) ~ 4vr% l ,(£)| 2 . (60) 

where g« is the three-momentum in channel %. 

Next we consider the scattering amplitude T in the relativistic field theory, and relate it with the 
nonrelativistic amplitude /. Normalization of the Dirac spinor is given as u(p,r)u(p, s) = 5 rs and 
v!(p,r)u(p,s) = 5 rs E/M where E = \J M 2 + p 2 and M are the energy and mass of the fermion. To 
calculate the scattering amplitude, we define the S'-operator and the _R-operator as 

S=l + R. 

We denote the n-particle scattering state as | k ) with the label k representing the momenta of the 
particles k a (a — 1, n) and other labels collectively. The matrix element of the i?-operator is related 
to the scattering amplitude T as 

( k' \R\ k ) = - i(2Tx) A 5 {4 \k' - k)T k , k . 

The unitarity of the S-matrix S^S = 1 leads to the relation R^ + R= —R)R. Taking the matrix element, 
and inserting the complete set of the sum of the n-body intermediate states 

n a=l ^ ' 
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with the normalization factor being N a = l/(2u a ) for bosons and N a = M a /E a for fermions, we obtain 
the optical theorem: 

T* k « - T k , k =z W d^\k)T; k> T qk , (61) 

n J 

where the n-body phase space is defined as 

dRf){k) = f[ ^N a (2n)^\k - q). (62) 
In the case of the forward scattering k' = k = P, we obtain 

Im7>p = -~W drt"\P)\T qP \\ (63) 

n 

When we multiply Eq. (61) by (T^) -1 from the left and T -1 from the right and take the forward 
scattering k' = k = P, we obtain the imaginary part of the inverse of the amplitude as 

/ rfn s n)(p) - 

n 

Let us now restrict the intermediate states to be the two-body meson-baryon channel. In this case, 
the amplitude can be written as a function of the total energy square s = P 2 and the inverse amplitude 
is given by 

P( S ) f ^(2)tm_ M V( S - S -)( S - S +) 



lmT-\s)= P -^, p(s) = JdUf)(P) 



Atts 

where s± = (M ± m) 2 . In terms of the total energy W = a/s, it is also written as 



2Mq(W) 



Im T~\W) 



4nW ' 
with the momentum variable 

^[W 2 — (M — m) 2 ][W 2 - (M + m) 2 } _ y/(s - s_)(s - s+) _ v/A(s,M 2 ,m 2 ) 



g(W) 



2^ 2^ 



where the Kallen function is defined as X(x, y, z) = x 2 + y 2 + z 2 — 2xy — 2yz — 2zx. The s-wave T matrix 
is related to the corresponding nonrelativistic scattering amplitude fo as 

T(W) = -^-Joiq), (64) 



with the nonrelativistic momentum q = ■^/2jj,{W — M — m) and the reduced mass \x = Mm/(M + m). 
At low energy q ~ 0, the deviation of the momentum is small and q = q = at the threshold. With 
Eqs. (60) and (64), the total cross section can be calculated in the chiral unitary approach. The 
scattering length a and the effective range r e are defined as 

n i \ i c i q 2 

fo{q) = ~? r, gcoU = - +r e — + . . . , 

q cot o — qt a 2 
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where 5o is the s-wave phase shift. The scattering length can be obtained by the amplitude at the 
threshold q — 0, 

a= ^ =0 ^-^h^ T(w=M+m) - 

In this convention, the positive (negative) scattering length represents attractive (repulsive) interaction. 
Phase convention for the isospin states 1 1, 13 ) is given by [8] 



7T 



) = - I 1, 1 ), \K-) = -\ 1/2, -1/2 ), I S+ ) = -1 1, 1 ), I S- ) = -I 1/2, -1/2 ), 



for both initial and final states. The SU(2) Clebsch-Gordan coefficients in PDG jl] is consistent with 
this convention. 
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